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SUMMARY
T h is  w o rk  exam ined the d e p o s itio n  o f ch rom a te  f i lm s  on 
s te e l to  ob ta in  a "c o n v e rs io n "  coa ting  w h ich  w ou ld  in c re a se  the 
c o rro s io n  re s is ta n ce  o f the s te e l s u rfa c e , and p ro v id e  an o v e ra l l  
im p ro v e m e n t in  c o rro s io n  re s is ta n c e  when used as a p re tre a tm e n t 
p r io r  to  the a p p lic a tio n  o f o rg a n ic  coa tings .
N o n -e le c tro ly t ic  d ip  tre a tm e n ts  in  ch rom a te  so lu tio n s  
se rved  o n ly  to  com p le te  the p a ss iva tio n  o f the s u rfa c e ; the in ­
v is ib le  th in  la y e r  o f ch rom a te  f i lm  deposited  d id  no t m e e t the 
re q u ire m e n ts  o f a "c o n v e rs io n "  coa ting . E le c t r o ly t ic  tre a tm e n ts , 
on the o th e r hand, when app lied  a t h ig h  c u r re n t d e n s ity  f ro m  
C rO g e le c tro ly te s , re s u lte d  in  the d e po s itio n  o f a n o n -m e ta llic  
f i lm  on a s te e l su rfa ce : these "c h ro m a te "  f i lm s  d id  m ee t the 
re q u ire m e n ts  o f a "c o n v e rs io n "  coa ting , as de fined .
One e le c t ro ly t ic  p ro cess  has been s tud ied  in  d e ta il.  The 
p a ra m e te rs  c o n tro ll in g  d e po s itio n  w e re  exam ined . A lth o u g h  
de po s itio n  o f the ch rom a te  f i lm  showed som e o f the a n tic ip a te d  
dependence on tre a tm e n t t im e  and c u r re n t d e n s ity , a fa r  g re a te r  
in flu e n ce  was e xe rte d  by the p re tre a tm e n t o f the s te e l, and i t  was 
subsequen tly  shown th a t c h lo r id e  ions o r  su lphate  ions  de|rived 
fro m  an ac id  p re tre a tm e n t o r  by  th e ir  p resence at lo w  co n ce n tra tio n s  
in  the CrC>3 e le c tro ly te  g re a t ly  "c a ta ly s e d "  f i lm  d e p o s itio n .
A  v a r ie ty  o f techn iques w e re  used to  s tudy the co m p os itio n  
o f the ch ro m a te  f i lm s .  The p ro p e rtie s  ind ica ted  th a t the f i lm  was 
one o f the p o o r ly  de fined and p o o r ly  ch a ra c te r is e d -m ix e d  C r ( I I I ) ,  
C r (V I)  ox ides in  a hyd ra ted  n o n -c ry s ta ll in e  s ta te . R a d io tra c e r 
techn iques p e rm itte d  q u a n tita tive  re s o lu tio n  o f the c h ro m iu m  in to  1 
com ponents, v iz .  C r(V I)  15%, C r ( I I I )  (a n o d ic a lly  o x id is ib le )  6%, 
C r ( I I I )  ( in e r t)  80%.
F in a lly  the p ro p e rt ie s  o f the  e le c tro -c h ro m a te  tre a tm e n t
i
as a "c o n v e rs io n "  p re tre a tm e n t fo r  s te e l w e re  exam ined .. The f i lm  
p ro v id e d  som e degree o f p ro te c tio n  to  unpa in ted  s te e l. W ith  o rg a n ic  
coa tings a d ra m a tic  in c re a se  in  coa ting  adhesion was ach ieved 
accom pan ied  by  a co rre sp o n d in g  in c re a se  in  c o rro s io n  re s is ta n c e  
o f the pa in ted s te e l.
GENERAL INTRODUCTION
/
G e n e ra l
C h ro m a te 'C o n v e rs io n  C oatings- 
C hrom a te  C o rro s io n  In h ib ito rs  
E le c tro -c h ro m a te  p rocesses 
T h e rm o d yn a m ic  and K in e t ic  C on s id e ra tio n s  
E x p e r im e n ta l W o rk
GENERAL INTRODUCTION
G E N E R A L
T h is  w o rk  has been c a r r ie d  out w ith  the obje c t o f in v e s t i­
ga ting  the fo rm a tio n  o f ch rom a te  f i lm s  on s te e l, and s tudy ing  the 
p ro p e r t ie s  and co m p o s itio n  o f ch rom a te  f i lm s  depos ited  on s te e l.
The u lt im a te  a im  was to  ach ieve  a p ra c t ic a l ch rom a te  p re tre a tm e n t • 
fo r  s te e l capable o f p ro v id in g  the  enhanced re s is ta n c e  to  c o rro s io n  
th a t is  co m m on ly  assoc ia ted  w ith , fo r  exam p le , the w e ll-e s ta b lis h e d  
ch ro m a te  "c o n v e rs io n 11 coa ting  tre a tm e n ts  fo r  n o n - fe r ro u s  m e ta ls  
o r  the phosphate "c o n v e rs io n "  coa ting  tre a tm e n ts  fo r  s te e l.
The tre a tm e n ts  cons ide red  in  th is  w o rk  a re  based upon 
" c h ro m ic  a c id "  (C r 0 3  so lu tio n s ) o r  ch ro m a te s , and the te rm s  
"c h ro m a te  tre a tm e n t"  and "c h ro m a te  f i lm "  a re  used lo o s e ly  to  
d e s c r ib e  such tre a tm e n ts . These te rm s  th e re fo re  de fine  the 
o r ig in  o f the  f i lm  ra th e r  than d e s c r ib in g  c o r re c t ly  i ts  c h e m ic a l 
n a tu re .
C old ro lle d  m ild  s te e l sheet ( ty p if ie d  by B .S . 1449: P a r t  3B: 
1964 En2 CS4) was used th ro u gh o u t th is  w o rk , as th is  is  the  type  < 
o f s te e l on w h ich  a ch rom a te  p re tre a tm e n t w ou ld  find  the w id e s t j 
a p p lic a tio n .
In  sp ite  o f the absence o f an es tab lish e d  ch ro m a te  co n v e rs io n  
p re tre a tm e n t fo r  s te e l such a p re tre a tm e n t was cons id e re d
w o rth y  o f in v e s tig a tio n  fo r  th re e  m a in  reason s , nam ely : -  ( i)  the 
su cce ss fu l use o f ch ro m a te  co n ve rs io n  coa tings fo r  m any non-
the  background  to  the e x p e r im e n ta l in v e s tig a tio n .
, C H R O M ATE CONVERSION COATINGS
A  co n ve rs io n  coa ting  is  a p ro te c tiv e  coa ting  fo rm e d  by 
in te ra c t io n  o f the  m e ta l l ic  su rfa ce  w ith  a tre a tm e n t s o lu tio n . A s  
the su rfa ce  becom es coated, o r  ’’c o n v e rte d " , so the in te ra c t io n  
d im in is h e s , and a l im it in g  th ic k n e s s , u s u a lly  quoted in  te rm s  o f 
coa ting  w e ig h t, is  b u il t  up . Thus the coa ting  w e igh t is  n o rm a lly  
c o n tro lle d  by the n a tu re  o f the m e ta l su rfa ce  and the c h e m ic a l 
co m p o s itio n  o f the tre a tm e n t bath . In  th is  re s p e c t, c o n ve rs io n  
coa tings  d if fe r  fu n d a m e n ta lly  f ro m  conven tion a l p ro te c tiv e  coa tings  
such as pa in ts  and m e ta l l ic  coa tings , in  w h ich  the m e ta l m e re ly  
assum es the ro le  o f a su b s tra te  ta k in g  l i t t l e ,  i f  any, p a r t in  
c h e m ic a l in te ra c t io n , and fo r  w h ich  the coa ting  w e ig h t is  c o n tro lle d  
e x te rn a lly .  A lth o ug h  the su rfa ce  m e ta l is  in vo lved  in  the coa ting  ; 
fo rm a tio n  re a c tio n , i t  m ay  fo rm  e ith e r  a m a jo r  com ponent o f the
( 2  3 )fe r ro u s  m e ta ls  J , ( i i )  the w e ll-e s ta b lis h e d  c o rro s io n  in h ib it in g  
p ro p e r t ie s  o f ch rom a te  so lu tio n s  to  s te e l and m any o th e r m e ta ls ^ *  ^  
and ( i i i )  the re ce n t c o m m e rc ia l deve lopm ent o f c  c h ro m a t-
ing  ( "e le c tro -c h ro m a tin g ” ) p rocesses  fo r  s te e l s t r ip w / .
These th re e  f ie ld s  a re  re le v a n t to  an u n de rs tand ing  o f the
d e po s itio n  and p ro p e r t ie s  o f ch ro m a te  f i lm s  on s te e l, and p ro v id e
tf.
/
f i lm  coa ting  as e .g . the  A ^ O g  f i lm  on anodised a lu m in iu m , o r  a 
m in o r  p ro p o rtio n  o f the re s u lta n t coa ting  as e .g . in  z inc  j phosphate 
coa tings on s te e l. <
S im ple  d ip  ch rom a te  co n ve rs io n , o r  "p a s s iv a tio n 11, t r e a t ­
m en ts  a re  com m on ly  app lied  to  z in c , cadm ium  and t in  m o s t 
w id e ly  as a fte r - tre a tm e n ts  to  e le c tro p la te d  coa tings o f these m e ta ls . 
The f i lm s  produced a re  o ften  th ic k  enough to  be v is ib le  as y e llo w is h  
f i lm s  w h ich  m ay show in te r fe re n c e  t in ts .  W hen subsequen tly  coated 
w ith  a p a in t o r  la c q u e r, coa ting  adhesion is  o ften  im p ro v e d , and the 
o v e ra ll c o rro s io n  re s is ta n c e  is  n o rm a lly  b e tte r  than  th a t o f the sam e 
coa ting  o v e r u n tre a ted  m e ta l. F u r th e r ,  the y  p ro te c t the m e ta ls  
f ro m  a tm o sp h e ric  c o r ro s io n , w h ich  w ou ld  o th e rw ise  lead  to  the
r
fo rm a tio n  o f "w h ite  r u s t " ,  i .  e. the ox ides o r  h yd ra ted  ox ides o f 
th e  m e ta ls . H ow e ve r, in 's p ite  o f m uch  re s e a rc h , no such s im p le  
and b e n e fic ia l d ip  ch ro m a te  p rocess  has been found fo r  s te e l.
In  v iew  o f the  im p o rta n ce  o f ch ro m a te  co n ve rs io n  coa tings
fo r  n o n - fe r ro u s  m 6 ta ls  in  the m e ta l f in is h in g  in d u s try , s u rp r is in g ly
l i t t l e  w o rk  has been pub lished  on the n a tu re  o f the f i lm s  o r  on the
m ode o f th e ir  p ro te c tiv e  a c tio n . F a r r  and K u lk a rn i ^  exam ined
the f i lm  p re sen t on c h ro m a te -p a ss iva te d  z in c . These f i lm s  w e re
o
found to  be 1200 -  1400 A  th ic k , and X - r a y  and e le c tro n  d if f ra c t io n  
showed the p resence  o f Z n C rO ^  and C ^ O g  bu t n o t o f ZnO . I t  is
!
l ik e ly  th a t a tm o s p h e ric  a tta c k  on the f a i r ly  re a c tiv e  z in c  is
p reven ted  by th is  co n ve rs io n  coa ting  because o f ( i)  the p h ys ica l 
b a r r ie r  o f a re la t iv e ly  in e r t  and in so lu b le  in o rg a n ic  co a ting , and
( i i )  the c o r ro s io n - in h ib it in g  p ro p e rt ie s  o ffe re d  by the v e ry  low  
co n ce n tra tio n  o f ch rom a te  ions in  e q u il ib r iu m  w ith  in so lu b le  
Z n C r0 4 . The k in e t ic s  o f the g ro w th  o f the f i lm  a re  no t fu l ly  
u n de rs to o d , and no obvious reason  can be seen w hy a s im i la r  
p ro cess  should no t take  p lace  on s te e l.
C H R O M ATE CORROSION IN H IB IT O R S
The c o r ro s io n - in h ib it in g  p ro p e r t ie s  o f ch ro m a te  so lu tio n s
i
a re  w e ll  known and a n u m b e r o f th e o r ie s  e xp la in in g  th e ir  a c tio n  
have been p roposed . T hey  a re  p r im a r i ly  anodic in h ib ito rs ,  in ­
h ib it in g  the anod ic c o rro s io n  re a c tio n : - 
Fe ■—£ Fe +  2e 
ra th e r  than the  ca thod ic  re a c tio n , w h ich  is  in o s t c o m m o n ly :-  
0 2 + 2 H 20  + 4e 4 O H _.
. . . . .  i
The m e ch an ism  o f c o rro s io n  in h ib it io n  has been a ttr ib u te d  
by som e in v e s t ig a to rs  to  a d so rp tio n  o f ch rom a te  ions w ith o u t the  
n e c e s s ity  o f the fo rm a tio n  o f an oxide f i lm .  U h lig  ^  supported  
th is  v ie w , and B ra s h e r  and Stove ^  and P o w ers  and H a c k e rm a n n ^ ^  
m ea sure d  the su rfa ce  co n ce n tra tio n  o f adsorbed c h ro m iu m .
Mayne and P r y o r  a ttr ib u te d  p a s s iv ity  to  the fo rm a tio n  
o f a stab le  anhydrous -F e 2C>3 ox ide  la y e r .  A s  fa r  back as 1932, 
H o a r and E vans hav ing  d em ons tra ted  th a t ch rom a te  ions  re a c t
X U .
w ith  fe r ro u s  ions to  p re c ip ita te  f e r r ic  and c h ro m ic  o x id e s , a t t r i ­
buted in h ib it io n  to  the fo rm a tio n  o f a p ro te c tiv e  f i lm  o f f e r r ic  and 
c h ro m ic  ox ides .
M o re  re c e n tly , B ra s h e r  and c o -w o rk e rs  have s tud ied  the 
d e p o s itio n  o f c h ro m iu m 'in  p a ss iva tin g  f i lm s  fo rm e d  on s te e l im ­
m e rse d  in  ch rom a te  so lu tio n s  (13-15)^ an(j  i n p a r t ic u la r  s tud ied  
the k in e t ic s  o f c h ro m iu m  d e p o s itio n . C hrom ate  s o lu tio n s , la b e lle d  
w ith  C r  51, w e re  used to  fo llo w  the ta k e -u p  o f c h ro m iu m  on to  the 
su rfa ce  o f the s te e l. T h is  w o rk  showed a l in e a r  re la t io n s h ip  betw een 
c h ro m iu m  uptake and the lo g a r ith m  o f (1 + t im e  o f im m e rs io n ) , w ith
p
the c h ro m iu m  uptake ra p id ly  re a ch in g  an e ffe c tiv e  l im i t  o f 2 -  .3 j ig / c m  . 
The uptake o f c h ro m iu m  was shown to  be dependent on the s ta te  o f 
o x id a tio n  o f the  su rfa ce  o f the s te e l b e fo re  im m e rs io n  in  the ch ro m a te  
s o lu tio n . T he^w ork  was used to  d e r iv e  the re la t iv e  p ro p o rtio n s  o f 
F e 2 0 3  and in  the f i lm s .  Some o f the re s u lts  a re  s u m m a ris e d
in  the  fo llo w in g  ta b le .
pH
C ^ O g  : F e 2 0 g ra t io
A e ra te d N 2 Satura ted
5 1 : 0 1 : 0
7 1 : 1 1 : 1
14 0 : 1 4 : 1
w ith  fe r ro u s  ions to  p re c ip ita te  fe r r ic  and c h ro m ic  o x id e s , a t t r i ­
buted in h ib it io n  to  the  fo rm a tio n  o f a p ro te c tiv e  f i lm  o f f e r r ic  and 
c h ro m ic  ox ides .
M o re  re c e n tly , B ra s h e r  and c o -w o rk e rs  have s tud ied  the 
d e po s itio n  o f c h ro m iu m  in  p a ss iva tin g  f i lm s  fo rm e d  on s te e l im ­
m e rse d  in  ch ro m a te  so lu tio n s  (1 3 -1 5 )# ancj  i n  p a r t ic u la r  s tud ied  
the  k in e t ic s  o f c h ro m iu m  d e po s itio n . C hrom a te  s o lu tio n s , la b e lle d  
w ith  C r  51, w e re  used to  fo llo w  the ta k e -u p  o f c h ro m iu m  on to  the 
su rfa ce  o f the s te e l. T h is  w o rk  showed a l in e a r  re la t io n s h ip  betw een 
K: c h ro m iu m  uptake and the lo g a r ith m  o f (1 + t im e  o f im m e rs io n ) , w ith  
the c h ro m iu m  uptake ra p id ly  re a ch in g  an e ffe c tiv e  l im i t  o f 2 -  3 j ig /c m ^ .  
The uptake o f c h ro m iu m  was shown to  be dependent on the s ta te  o f 
o x id a tio n  o f the  su rfa ce  o f the s te e l b e fo re  im m e rs io n  in  the ch ro m a te  
s o lu tio n . The w o rk  was used to  d e r iv e  the re la t iv e  p ro p o rtio n s  o f 
FegO s and in  the f i lm s .  Some o f the re s u lts  a re  s u m m a ris e d
in  the  fo llo w in g  ta b le .
pH
C rgO g : FegOg ra t io
A e ra te d Ng S atura ted
5 1 : 0 1 : 0
7 1 : 1 1 : 1
14 0 : 1 4 : 1
r
/' . ' V
I t  is  o f cou rse  im p o rta n t to  d is t in g u is h  between the a c tio n  
o f co n ve rs io n  coatings w h ich  p ro v id e  som e degree o f long  te rm  
p ro te c tio n , and c o rro s io n  in h ib it io n  w h ich  p ro v id e s  p ro te c tio n  o n ly  
d u r in g  im m e rs io n , and no pe rm anen t p ro te c tio n  a f te r  re m o v a l fro m  
the s o lu tio n . The ch rom a te  f i lm s  fo rm e d  on s te e l when im m e rs e d  
in  an in h ib it in g  ch rom a te  so lu tio n  be long to  the la t te r  c la s s . The 
f i lm s  (ca 1 j ig  C r /c m  ) a re  too th in  to  p ro v id e  p ro te c tio n , a re  
re a d ily  damaged and b ro ke n , and, u n like  the s im i la r ly  th in  ox ide  
f i lm s  on c h ro m iu m  m e ta l o r  s ta in le s s  s te e l, a re  n o t, in  the ab­
sence o f the ch rom a te  s o lu t io n , s e lf - re p a ir in g .
E L E C T R O -C H R O M A T E  PROCESSES ( in c lu d in g  c h ro m iu m  p la tin g ) 
C hrom a te  "p a s s iv a tin g 1* tre a tm e n ts  a re  app lied  e le c t r o ly t ic -  
a l ly ,  by ca thod ic  re d u c tio n , to  t in p la t e ^ ^  w here  th e y  a re  used 
ins te ad  o f the m o re  s tra ig h tfo rw a rd  ch rom a te  d ip  tre a tm e n ts  on 
e le c t ro - t in p la t in g  l in e s . The ca thod ic  tre a tm e n t is  so m e tim e s  
fo llo w e d  by  a b r ie f  anod ic tre a tm e n t w h ich  g ives im p ro v e d  p a s s iv a t­
ing  p ro p e r t ie s , p re su m a b ly  by the co n ve rs io n  o f som e t r iv a le n t  
c h ro m iu m  oxide back to  c o r ro s io n - in h ib it in g  hexava len t c h ro m iu m .
In  re c e n t y e a rs , e le c tro c h ro m a tin g  p rocesses  have been
developed fo r  use on s te e l ^ ) ,  bu t pub lished  data is  la rg e ly  co n -
- (17 18)fine d  to  pa ten ts '  '  . These p ro ce sse s , u n lik e  the  tre a tm e n ts
so fa r  d e s c r ib e d , use re la t iv e ly  concen tra ted  e le c tro ly te s  based
on c h ro m ic  ac id  (C rO g ) and opera te  at re la t iv e ly  h igh  c u r re n t
d e n s itie s  com parab le  to  the co n d itio n s  re q u ire d  fo r  c h ro m iu m  
p la tin g . Some p rocesses d e pos it a n o n -m e ta llic  "c h ro m a te "  f i lm  
(be lie ved  to  be e s s e n tia lly  a hyd ra ted  fo rm  o f c h ro m ic  o x id e ), 
w h ils t  o th e rs  d e po s it a com bined f i lm  o f m e ta l and o x id e . A  few  
o f these p rocesse s  have been developed in to  su cce ss fu l c o m m e rc ia l 
p rocesses  to  m a n u fac tu re  " t in - f r e e  s te e ls " ,  as a t in - f r e e  su b s titu te  
f o r  e le c t ro ly t ic  t in p la te . A lth o ug h  the e le c tro ly s is  co n d itio n s  
c lo s e ly  re se m b le  those o f c h ro m iu m  m e ta l p la t in g , a lte rn a tiv e  
a d d itiv e s  ( " c a ta ly s ts " )  a re  em ployed to  the s u lp h u r ic  a c id  o r  s i l i -  
c o flu o r id e s  com m on ly  used fo r  m e ta l p la tin g .
The m echan ism  o f the  ca thod ic  re d u c tio n  o f hexava len t 
c h ro m iu m  to  the t r iv a le n t  o r  m e ta ll ic  s ta te  is  s t i l l  no t w e ll  u n d e r­
s tood. A  n u m b e r o f papers  re la te d  to  the th e o ry  o f c h ro m iu m
p la tin g  have been pub lishe d , and these  have been re v ie w e d  by 
(19)R yan . A lte rn a t iv e  th e o r ie s  fa v o u r e ith e r  a s tepw ise  re d u c tio n , 
i . e .  C r (V I) -> C r ( I I I )—* C r ( I I )—* C r ( 0 ) , 'o r  a d ir e c t  re d u c tio n , i . e .  
C r(V I)~ *C r(0 ). W e im a r (20) 0f f e rs  a fu r th e r  th e o ry  re la te d  to  
m e ta l ions d e riv e d  f ro m  the cathode m e ta l su rfa c e . The ca thod ic  
re d u c tio n  o f hexava len t c h ro m iu m  has been stud ied  by R uss ian  
/ w o r k e r s  ^ 1 - 2 5 ) ,  and i t  is  l ik e ly  th a t m uch  o f th is  w o rk  and th e o ry  
is  re le v a n t to  the e le c tro d e p o s itio n  o f o x ides .
TH E R M O D Y N A M IC  and K IN E T IC  CONSIDERATIONS
The re le v a n t c h e m is try  and e le c tro c h e m is try  o f the
( 2 6 )c h ro m iu m -w a te r  sys te m  is  shown by the P o u rb a ix  d ia g ra m  ' ,
w h ich  is  rep roduced  in  F ig u re  1 ( In tro d u c tio n ). The la rg e  dom ain  
o f p o te n tia l and pH occupied by the c h e m ic a lly  in e r t  and in s o lu b le  
c h ro m ic  oxide o r  "h y d ro x id e "  accounts fo r  the va lue  o f such f i lm s  
as p ro te c tiv e  coa tings .
A  fu r th e r  va lu ab le  p ro p e r ty  o f c h ro m iu m  oxide  is  th a t 
m any o f i ts  re a c tio n s  a re  k in e t ic a lly  v e ry  s low , as e x e m p lif ie d  
by  the apparen t in s o lu b il i ty  o f fo rm s  o f c h ro m ic  ox ide  in  a c id s , 
c o n tra ry  to  s o lu b i l i ty  p ro du c t co n s id e ra tio n s .
C r ( I I I )  c h e m is try  is  fu r th e r  c h a ra c te r is e d  by the s tro n g  
co m p le x ing  p ro p e r t ie s  o f the c h ro m ic  ion , and consequen tly  few  
re a c tio n s , in c lu d in g  those used in  the c o n s tru c tio n  o f the P o u r ­
b a ix  d ia g ra m , a re  as s im p le  as they  a re  w r it te n . C onsequen tly , 
the P o u rb a ix  d ia g ra m  m u s t be used w ith  cau tion  in  p re d ic tin g  
b e h a v io u r in  ch rom a te  so lu tio n s , p a r t ic u la r ly  as new fa c to rs  ‘ 
such as the s o lu b il i ty  o f c h ro m iu m  ( I I I )  ch ro m a te , and co m p le x in g  
w ith  an ions in  p lace o f w a te r , could e x e r t a m a rked  in flu e n c e .
E X P E R IM E N T A L  W O RK
The e x p e r im e n ta l in v e s tig a tio n  in i t i a l l y  exam ined  f a i r ly  
s im p le  ch ro m a ta  tre a tm e n ts  app lied  to  s te e l. The co n d itio n s  fo r
14.
- 2 - 1  0 1 2  3  4  5  6  7  8  9  10 11 12 1 3 . 1 4  15 16
- lo3 C-0\
• I"V
(^)
Cr(OH)3
— 0 ------------
10 11 12 13
Fio. 2 . Potcntial-pH equilibrium diagram for the system chromium-water, at 
In solutions not containing chloride.
-— r [Figure established considering Cr(OI I)3.]
K l5pRIB
25'C.
F ig u re  1 ( In tro d u c tio n ) P o u rb a ix  D ia g ra m  fo r
C h ro m iu m -W a te r S ystem
a p a ss iva tio n  f i lm  to  be deposited  w e re  sought to g e th e r w ith  the 
reasons fo r  th e .fa ilu re  to  de po s it h e a v ie r  f i lm s .  T h is  was fo llow ed  
by an e xa m in a tio n  o f the heavy c h ro m iu m  ox ide  f i lm s  p re se n t on 
c o m m e rc ia l e le c tro -c h ro m a te d  s te e ls .
The de po s itio n  o f ch rom a te  f i lm s  by ca thod ic  re d u c tio n  
u n d e r con d itions  s im i la r  to  those  used in  c o m m e rc ia l e le c t ro -  
ch ro m a tin g  p rocesses was s tud ied . P a r t ic u la r  a tte n tio n  was 
d ire c te d  a t one p ro ce ss . The k in e tic s  o f the ca thod ic  re d u c tio n  
p ro ce sse s , and p a r t ic u la r ly  the fa c to rs  c o n tro ll in g  f i lm  g ro w th , 
w e re  s tud ied  by  p o la r is a t io n  techn iques.
A  w ide  range o f approaches was used to  e lu c id a te  the p ro ­
p e r t ie s  and c h e m ic a l n a tu re  o f the ch rom a te  f i lm  fo rm e d  u n de r 
e le c tro -c h ro m a tin g  co n d itio n s . R a d io - tra c e r  e x p e r im e n ts , u s in g  . 
la b e lle d  c h ro m iu m , p ro v id e d  d ire c t  and p re c is e  m e a su re m e n ts  o f 
the  c h ro m iu m  deposited  in  f i lm s ,  thus a llo w in g  q u a n tita tiv e  
m e a su re m e n t to  be m ade. These e xp e rim e n ts  fu r th e r  p e rm itte d  
the q u a n tita tiv e  re s o lu tio n  o f the f i lm  in to  d is tin g u is h a b le  c h e m i-
t
•cal com ponents.
O b se rva tion s  d u r in g  the course  o f the in v e s tig a tio n  led  to  
the s tudy  o f the  e ffe c ts  o f an ions added to  the e le c tro ly te  on the 
f i lm  d e p o s itio n  p ro p e r t ie s .
The in v e s tig a tio n  was com ple ted  by a study o f the p ro p e rtie s  
o f e le c trod e p o s ite d  ch rom a te  f i lm s  when used as a "c o n v e rs io n  co a t­
in g "  p re tre a tm e n t fo r  s te e l.
E X P E R IM E N T A L  IN V E S T IG A T IO N
The e x p e r im e n ta l w o rk  inc lu d ed  the  e xa m in a tio n  o f ch ro m a te  
f i lm  d e p o s itio n  p ro ce sse s , the  s tudy  o f the c h e m ic a l and p h y s ic a l 
n a tu re  o f ch ro m a te  f i lm s  deposited  on s te e l, and the  s tudy  o f the 
p ro p e r t ie s  o f the ch ro m a te  f i lm s  w ith  p a r t ic u la r  re fe re n c e  to  th e ir  
p ro p e r t ie s  as a p re tre a tm e n t fo r  s te e l to  enhance the  c o r ro s io n  
re s is ta n c e  o f the m e ta l and im p ro v e  the  o v e ra l l  p e rfo rm a n c e  when 
subsequen tly  coated w ith  o rg a n ic  su rfa ce  coa ting s .
The w o rk  has been d iv id e d  in to  e igh t sec tio ns  as be low .
/  '
P a r t  1 S im ple  C hrom a te  T re a tm e n ts .
P a r t  2 E x a m in a tio n  o f P ro p r ie ta ry  C hrom a te  T re a te d  S tee ls .
P a r t  3 E le c t ro ly t ic  C h rom a te  T re a tm e n ts  app lied  at H ig h
C u rre n t D e n s itie s . t
P a r t  4 C athod ic P o la r is a t io n  S tud ies.
P a r t  5 P ro p e r t ie s  o f C h ro m a te  F ilm s .
P a r t  6 R a d io tra c e r Studies.,
P a r t  7 E ffe c t o f C h lo r id e  and O the r Ions on F i lm  F o rm a tio n .
P a r t  8 P ro p e r t ie s  o f C hrom a te  F ilm s  w ith  O rgan ic  C oa tin g s .
X  u
P A R T  1
S IM P L E  C H R O M ATE T R E A T M E N T S
In tro d u c tio n
E x p e r im e n ta l and R esu lts
M easu rem en t o f C h ro m iu m  in  C hrom a te  F ilm s  
S im ple  D ip  C hrom a te  T re a tm e n ts  
O the r T re a tm e n ts
D is c u s s io n  and C onc lus ions* \ .
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P A R T  1 S IM P LE  C H R O M A TE  T R E A T M E N T S
IN TR O D U C T IO N
A s a lre a d y  s ta ted  in  the G enera l In tro d u c tio n , ch ro m a te  
f i lm s  can g row  to  a l im ite d  exten t on s te e l im m e rs e d  in  c o r ro s io n
in h ib it in g  ch ro m a te  so lu tio n s ; ye t the re la t iv e ly  m uch h e a v ie r
)
ch ro m a te  f i lm s  w h ich  a re  e a s ily  fo rm e d  as co n ve rs io n  coa tings  
on, fo r  exam ple , z in c  o r  ca d m iu m , cannot be g row n  on s te e l.
In  th is  w o rk , ch ro m a te  tre a tm e n ts  w h ich  a re  used to  "p a s s iv a te "  
o th e r m e ta ls  (s p e c if ic a lly  t in p la te )  w ere  app lied  to  s te e l in  o rd e r  
to  s tudy  ch ro m a te  f i lm  d e po s itio n  on s te e l, w ith  a v ie w  to  u n d e r­
s tand ing  the  fa c to rs  c o n tro ll in g  f i lm  g ro w th  and, h o p e fu lly , how
(
co n d itio n s  co u ld  be a lte re d  to  in c re a s e  ch ro m a te  f i lm  g ro w th .
B e fo re  q u a n tita tive  e x p e rim e n ta l w o rk  on the d e p o s itio n  
o f ch ro m a te  f i lm s  cou ld  p roceed , i t  was n e cessa ry  to  de v ise  a 
m eans o f m e a s u rin g  the c h ro m iu m  deposited  in  the v a r io u s  
tre a tm e n ts , so th a t co m p a riso n s  o f the re la t iv e  e ffe c tive n e ss  o f 
these tre a tm e n ts  cou ld  be m ade.
M any o f the  co nven tio na l m ethods o f d e te rm in in g  co a tin g  
w e igh ts  w ere  unsu ite d  to  the  type  o f f i lm s  be ing  m e asu red .
D ire c t w e ig h in g  o f co a ting  w e igh ts  equ iva le n t to  l ^ ig  C r /c m ^  
co u ld  no t be c a r r ie d  out a c c u ra te ly . D is c u s s io n  o f the  co a tin g
fo llo w e d  b y  o x id a tio n  and c o lo r im e tr ic  e s tim a tio n  o f the  re s u lta n t 
C r(V I)  w ith  d ip h e n y lca rb a z id e , w h ils t p o s s ib le , was su b jec t to  
e r r o r  at the  v e ry  lo w  co n ce n tra tio n s  in vo lve d  and was u ndu ly  t im e -  
consum ing  as a ro u tin e  m ethod. R a d io - tra c e r  techn iques, u s in g  
la b e lle d  c h ro m iu m , w ere  id e a l fo r  the  type  o f m easurem en ts  
re q u ire d , and w ere  indeed used at a la te r  stage in  the  w o rk , but 
the  p ra c t ic a l p ro b le m s  assoc ia ted  w ith  the c a r ry in g  out o f la rg e  
n um be rs  o f tre a tm e n ts  un de r s t r ic t ly  c o n tro lle d  co n d itio n s  a rgued  
fo r  the  adop tion  o f a s im p le r  p ro ce d u re  fo r  re g u la r  ro u tin e  use.
E X P E R IM E N T A L  A N D  RESULTS 
M easu rem en t o f C h ro m iu m  in  C hrom a te  F ilm s
F o r  the ro u tin e  m easu rem en t o f c h ro m iu m  in  ch ro m a te  
f i lm s ,  a tte m p ts  w e re  m ade to  adapt an e le c t ro m e tr ic  anodic 
o x id a tio n  m ethod due to  B r it to n  w h ich  had been p ro ve d  su cce ss ­
fu l fo r  ch ro m a te  f i lm s  on t in p la te  T h is  m ethod is  e s s e n t ia lly
/
s im i la r  to  the  c o u lo m e tr ic  d e te rm in a tio n  o f ox ide  f i lm  th ic kn e ss
b y  ca thod ic  re d u c tio n  d e sc rib e d  by  D e lahay r e fe r r in g  to  the
(29)m ethod  p re v io u s ly  used by G ro w e r . how ever is  not
re a d ily  reduced  to  C r m e ta l by  e le c tro ly s is  in  aqueous s o lu tio n s , 
but is  re a d ily  o x id ise d  to  C rO ^  .
In  B r i t to n 's  m ethod, the s u rfa ce  to  be s tud ied  is  m ade 
anodic at a known constan t c u r re n t de ns ity , and the p o te n tia l o f
the  su rfa ce  is  re c o rd e d  co n tinu o u s ly . The su rfa ce  ra p id ly  
takes  up an a p p ro x im a te ly  constan t p o te n tia l c o n tro lle d  by  the 
anode re a c tio n . The re a c tio n  w h ich  can take  p lace  at the  lo w ­
est p o te n tia l o ccu rs  f i r s t ,  in  th is  case f i lm  o x id a tio n . When 
th is  re a c tio n  is  co m p le te , the p o te n tia l r is e s  ra p id ly  to  th a t 
o f the  next o x id a tio n  re a c tio n  w h ich  can o c c u r, n a m e ly  the 
o xyg e n -e vo lu tio n  re a c tio n . The d u ra tio n  o f the  p o te n tia l a r re s t  
fo r  the f i lm  o x id a tio n  re a c tio n  g ives a d ire c t m e a su re  o f the 
am ount o f ox ide  f i lm  w h ich  has been o x id ise d  by  the p ro c e s s , 
v iz :
C r ( I I I )  — >  C r(V I)  + 3e
A ssu m in g  th a t a l l  the  c u r re n t passed is 'u s e d  in  the  above 
e le c t ro n - t ra n s fe r  re a c tio n , the  passage o f 96, 500 cou lom bs is  
equ iva len t to  the o x id a tio n  o f one g ra m  equ iva le n t, 17. 3 g ra m s , 
o f C r ( I I I ) , -  o r  T 'm il l ic o u lo m b  (m e) is  e qu iva len t to  0 .18  j ig  
C r ( I I I ) .  F o r  co m p a riso n  p u rposes , re s u lts  w ere  not n o rm a lly  
co n ve rte d  to  m ic ro g ra m s , but w e re  le f t  exp ressed  as m ill ic o u lb m b s /c m
B r it to n 's  m ethod fo r  ch ro m a te  f i lm  th ic kn e ss  on t in p la te  
used a n e u tra l phosphate b u ffe r  as the e le c tro ly te . In i t ia l  a tte m p ts  
to  use th is  on s te e l w ere  u n su cce ss fu l because the  p r in c ip a l anode 
re a c tio n  was then  the  o x id a tio n  o f i r o n
The e le c tro ly te  was changed to  IN  sod ium  h y d ro x id e  in  w h ich  s te e l 
becom es p a ss ive . In  th is  e le c tro ly te , the  o n ly  c u r re n t - c a r r y in g
re a c tio n s  w h ich  take  p lace  a t the  anode a re  the o x id a tio n  o f the
/
c h ro m iu m  ox ide , and subsequent e vo lu tio n  o f oxygen :
C r+++ (as C rgO g) — C r 6*  (as C rO ^ ) + 3e
4 OH ~ — ?  2 H 20  + 0 2 + 4e
On s te e l no t c o m p le te ly  p ass iva te d  e ith e r  by  an oxide  f i lm  o r  by 
a ch ro m a te  f i lm ,  a s lo w e r r is e  in  p o te n tia l o f the  anode su rfa ce  
to  th a t fo r  the re a c tio n s  quoted above was no ted. T h is  was 
a ttr ib u te d  to  a p a s s iv a tio n  re a c tio n
Fe + 2 O H " — >  Fe (OH)2 + 2e
o r  Fe + 3 OH~ ----- >  Fe (OH>3 + 3e
w h ich  ceased once the su rfa ce  was c o m p le te ly  p a ss ive .
The c i r c u i t  used fo r  these m e a su rem e n ts  is  shown in  " 
F ig u re  1 .1 . The h ig h  vo ltage  b a tte ry  com b ined  w ith  a h igh  s e r ie s  
re s is ta n c e  p ro v id e d  a constan t c u r re n t e ffe c t iv e ly  independent o f 
the c e ll  re s is ta n c e . The anode p o te n t ia l m easured  w ith  re s p e c t 
to  a re fe re n c e  sa tu ra te d  c a lo m e l e le c tro d e , was m ea su red  on a 
V ib ro n  e le c tro m e te r  to  w h ich  a v a r ia b le  b a c k in g -o ff e. m . f* was
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F ig u re  1 -1 : C ir c u it  fo r  C o u lo m e tr ic  M e asu rem en t o f C r  ( I I I )  by
A nod ic  O x ida tion  at C onstan t C u rre n t.
app lied  to  b r in g  the o x id a tio n  p o te n tia l o f in te re s t onto the e le c t ro ­
m e te r  sca le . The e le c tro m e te r  was i t s e l f  connected to  a 10 m V  
p o te n tio m e tr ic  re c o rd e r  ru n n in g  at 1 in /m in  enab ling  a con tinuous 
re c o rd in g  o f p o te n tia l to  be ob ta ined.
The c e lls  used fo r  th is  w o rk  a re  shown in  F ig u re  1 .2 .
o .
One c e ll  w ith  a w o rk in g  anode a re a  o f 5 cm  used s t r ip  spec im ens 
o f w h ich  a l l  but a 1 in  d ia m e te r d isc  had been m asked o ff.  The
im p ro v e d  c e l l  used fo r  la te r  w o rk  was c lam ped  to  the  s te e l te s t
: 2 
pane l to  g ive  a w o rk in g  a rea , defined by  an ’ O f r in g  sea l, o f 2 c m 6
)
The L u g g in  c a p il la ry  p robe  fo r  the p o te n tia l m e a su re m e n ts  
m in im is e d  IR  p o te n tia l d rops and was used w here  a c tu a l p o te n tia l 
va lues  re la t iv e  to  a s tanda rd  w ere  o f in te re s t .  F o r  m uch  o f the  
w o rk , i .  e. fo r  c h ro m iu m  m easu re m e n ts , o n ly  the  d u ra tio n  o f the  
p o te n tia l a r re s t  was to  be m easured  (not the  o x id a tio n  p o te n tia l)  
and the  L u g g in  p robe  cou ld  be o m itte d .
T y p ic a l p o te n t ia l- t im e  cu rve s  ob ta ined by  th is  m ethpd  a re  
shown s c h e m a tic a lly  in  F ig u re  1 .3 . Not a l l  ru n s , p a r t ic u la r ly  
those on th in - f i lm  sam p les , showed w e ll-d e fin e d  s ta r ts  to  the 
C r ( I I I )  C r(V I)  o x id a tio n  re a c tio n , and the  end p o in t was not 
a lw ays c le a r .  C onsequently  p re c is e  m e asu rem en ts  cou ld  not be 
obta ined f ro m  m any c u rv e s . N one the less, co m p a riso n s  cou ld  
re a d ily  be made .by adopting  a s ta n d a rd  p ro ce d u re  fo r  d e te rm in in g  
end p o in ts , as in d ica te d  in  F ig u re  1. 3.
J 3  s a tu ra te d  c a lo m e l 
re fe re n c e  e le c tro d e
f i l t e r  pape r 
s a lt b r id g e
3
p la tin u m
w ire  cathode
5 cm ^ exposed w o rk in g  a re a
s a lt b r id g e  
con nec tion  to  
S .C .E .
re fe re n c e
e le c tro d e
R
A
Pt w ire  
cathode lu g g in
c a p il la r y
2 cm^ 
w o rk in g  a re a
F ig u re  1 ,2 ; C e lls  used fo r  A nod ic  O x id a tion  o f C h rom a te  F i lm s .
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( i)
T im e
( i i i )
At
AT ^  C r  ( I I I ) - *  C r  (V I)
( iv )
At
AT
show ing a lte rn a tiv e  
“ end p o in ts '1 and .A T  
m ea su rem e n ts
T im e
(i)
( i i)
( i i i )
( iv )
“ p ass ive 1* s te e l.
“ a c t iv e "  s te e l.
th in  ch ro rn a te  f i lm  on s te e l.
th ic k  ch ro m a te  f i lm  on s te e l.
F ig u re  1. 3: T y p ic a l P o te n t ia l/T im e  C urves fo r  A nod ic  
O x ida tion  at C onstant C u rre n t.
Sim ple  D ip  C hrom a te  T re a tm e n ts
F o llo w in g  p re lim in a ry  e xp e rim e n ts  to  c o n firm  th a t ch ro m a te  
f i lm s  cou ld  be fo rm e d  and m easured  on t in p la te , t in p la te - ty p e  
ch ro m a te  tre a tm e n ts  w e re  app lied  to  s te e l. The tre a tm e n ts  w ere  
app lied  in  co n ju n c tio n  w ith  th re e  types o f c lea n ing  p ro cesse s  :-
( i)  ca thod ic  c le a n ing  in  1% Na.^CO^ s o lu tio n
( i i )  a b ra s io n  w ith  000 e m e ry  paper
( i i i )  d ipp ing  in  concen tra ted  HC1
The tin p la te - ty p e  ch ro m a te  tre a tm e n ts  used w e re  ^ 0 )
/  ■
( i)  • a c id  ch ro m a te  £ * * 0 3  10 g / l
used at 80 -  90°C
( i i )  a lk a lin e  ch ro m a te  NaOH . 10 g / l
"  Na2C r 0 4 | 3 g / l
used at ca . 90°C ;
( i i i )  ca thod ic  fo llo w e d  b y *  20 g / l
anodic tre a tm e n t in  used at ro o m  te m p e ra tu re
■ "n e u tra l"  ch ro m a te
O
^(s u rfa c e  made ca thod ic  at 12 m A /c m  -  ty p ic a lly  
fo r  10 sec. -  fo llo w e d , o p tio n a lly , by  m a k in g  
anodic at 1 m A /c m ^  fo r  v a r io u s  t im e s . )
A nod ic  o x id a tio n  m easurem en ts  o f the  deposited  c h ro m iu m  
w ere  made f ro m  a la rg e  num be r o f tre a tm e n ts . A  s e le c tio n  o f 
re s u lts , m any o f w h ich  showed p o o r re p ro d u c ib i l ity ,  is  g iven  in  
T a b le  1 .1 .
T ab le  1 .1
R esu lts  o f E le c tro m e tr ic  M easurem en ts  o f C h ro m iu m  
on C hrom ate  T re a te d  Steel
C lean ing  tre a tm e n t C hrom a te  tre a tm e n t C r ( I I I )
m c /c m ^
*  A b raded  + a ir  exposure ( i)  ac id , hot 0
A b ra ded  + ca thod ic  c lean ing (i)  a c id , hot 6 .1
F re s h ly  abraded ( i)  a c id , hot 2. 6 to  5 .4
F re s h ly  abraded + ca thod ic ( i)  a c id , hot 7 .9
c lean 8. 1
A b raded  + a ir  exposure ( i i)  a lk a lin e , hot 0
A b raded  + ca thod ic  c lea n in g ( i i)  a lk a lin e , hot 2 .1
F re s h ly  abraded ( i i )  a lk a lin e , hot 0
A b ra ded  + ca thod ic  c lea n ing ( i i i )  n e u tra l ca thod ic •8. 9
C athod ic c lean n e u tra l ca thod ic  at 12 mA/cm?
0. 25 m in 1 .4
0. 5 m in 1 .9  .
1 m in 1 .6
2 m in 2 .7
4 m in 1 .7
8 m in 2 .7
'
1 m in 2 .4
C athod ic  c lean n e u tra l ca thod ic
1. 4 m A /c m ^  fo r  1 m in 2. 7
16 m A /c m ^  fo r  1 m in 2 .1
Cone HC1 dip A c id  and n e u tra l d ips 10
and ca thod ic
*  A b raded 000 e m e ry  p a pe r a b ra s io n
The g e ne ra l co nc lu s ions  f ro m  these re s u lts  a re  th a t : -
( i)  to  depos it a m ea su ra b le  am ount o f c h ro m iu m , 
i t  is  n e ce ssa ry  to  re m ove  the  a ir - fo rm e d  f i lm ,
( i i )  the am ount deposited  is  l im ite d  to  a m a x im u m  
o f about 5 m c /c m ^ , and
( i i i )  the  am ount deposited  is  independent o f ca thod ic  
tre a tm e n t t im e s  and c u r re n t d e n s itie s .
C on c lu s io n  ( i i i )  is  in  agreem en t w ith  the  f in d in g s  o f B r ig h t 
and B r it to n  on ch ro m a te  tre a tm e n ts  o f t in p la te  (31).
These re s u lts  suggest th a t the ch ro m a te  tre a tm e n ts  ach ieve  
no m o re  than  the p a s s iv a tio n  o f the su rfa c e . Once th is  p ro ce ss  is  
co m p le te , l i t t le  fu r th e r  ch ro m a te  f i lm  is  depos ited . These re s u lts  
a re  in  g e ne ra l ag reem en t w ith  the  o b se rva tio n s  o f B ra s h e r  and c o ­
w o rk e rs  a lre a d y  re fe r re d  to , re la t in g  to  n o n -e le c tro ly t ic  ch ro m a te  
f i lm s  on s te e l. I f  an a ir - fo rm e d  f i lm  is  a lre a d y  p re s e n t, c h ro m iu m  
d e po s itio n  o ccu rs  o n ly  to  re p a ir  b re aks  in  the  f i lm .  I f  no f i lm  is  
p re s e n t, c h ro m iu m  d e po s itio n  takes p lace  spon taneous ly  o v e r the  
w hole  su rfa ce  and a m e a su ra b le  ch ro m a te  f i lm  is  o b se rve d . I t  
can a lso  be concluded th a t the ca thod ic  tre a tm e n ts  f a i l  to  ach ieve  
a c o n tro lle d  e le c t ro ly t ic  d e po s itio n  o f ch ro m a te  f i lm .
O the r tre a tm e n ts
The above tre a tm e n ts  a ttem p ted  to  p roduce  a c h ro m iu m  
oxide  f i lm  b y  re d u c tio n  o f hexava len t c h ro m iu m  w ith  iro n ,  o r  by 
ca thod ic  lo w e r in g  o f the e le c tro -c h e m ic a l p o te n tia l o f the  s u rfa c e . 
R e fe r r in g  to  the P o u rb a ix  d ia g ra m , F ig u re  1 (In tro d u c tio n ), the 
c h ro m iu m  changes in to  the c h ro m ic  oxide  (hyd ro x id e ) s ta te  by  a 
t ra n s fe r  v e r t ic a l ly  f ro m  the  ch ro m a te  re g io n  o f th e rm o d y n a m ic  
s ta b i l i ty .  T h is  m ig h t have been ach ieved  by  m a k in g  the su rfa ce  
re d u c in g  in  o th e r w ays. D ip p in g  s te e l f i r s t  in to  a re d u c in g  agent 
b e fo re  im m e rs io n  in  the ch ro m a te  s o lu tio n  was t r ie d .  No success 
was ach ieved w ith  a c id  stannous c h lo r id e , n o r w ith  fo rm a ld e h yd e , 
p a r t ly  because the re a c tio n  was s low , and d id  not o c c u r p re c is e ly  
at the  m e ta l/ l iq u id  in te r fa c e . C athod ic ch a rg in g  o f the  s te e l s u rfa c e  
so th a t h yd rogen  was absorbed by  the m e ta l, and co u ld  ac t as a 
re d u c in g  agent, was a lso  t r ie d .  D av is  and B u tle r  (32) have 
d em ons tra ted  th a t hyd rogen  d iffu s in g  th ro u g h  s te e l reduces  ch ro m a te  
ions; none the less , th is  a lso  p ro ved  u n succe ss fu l in  a ch ie v in g  
h e a v ie r ch ro m a te  f i lm s .
A tte m p ts  w e re  a lso  m ade to  p re c ip ita te  c h ro fn iu m  h y d ro x id e  
onto the  s te e l s u rfa c e , i .  e. a h o r iz o n ta l t ra n s fe r  f r o m  lo w  pH  to  
h ig h  pH on the P o u rb a ix  d ia g ra m  w ith in  the C r ( I I I )  s tab le  zone 
(F ig u re  1, In tro d u c tio n ). These a tte m p ts  a lso  p ro ve d  u n su cce ss fu l, 
la rg e ly  due to  p re c ip ita te  not fo rm in g  c o h e re n tly  on the  s te e l s u rfa c e .
DISCUSSION AN D  CONCLUSIONS
These e xp e rim e n ts  have shown th a t ch ro m a te  f i lm s  o f a 
s u ff ic ie n t th ic kn e ss  to  im p ro v e  the c o r ro s io n - re s is t in g  p ro p e r t ie s  
cannot be deposited  on s te e l by  s im p le  d ip , and lo w  c u r re n t d e n s ity  
ca th o d ic , ch ro m a te  tre a tm e n ts . The w o rk  has a lso  shown th a t 
p ro te c tiv e  f i lm s  cannot p ra c t ic a b ly  be deposited  b y  c h e m ic a l re d u c ­
t io n  o r  b y  ch e m ic a l p re c ip ita t io n .
The g re a te s t th ickn e ss  o f coa ting  th a t can be ach ieved  is  a 
com p le te  ch ro m a te  p a s s iv a tio n  f i lm ,  i . e .  a l l  the  ox ide  f i lm  is  
d e riv e d  fro m  the ch ro m a te  tre a tm e n t*  when no ox ide  f i lm  was 
o r ig in a l ly  p re s e n t. Such ox ide  f i lm s  have a co a tin g  w e igh t, e s tim a t 
ed b y  c o u lo m e tr ic  o x id a tio n , o f about 1 j ig  C r ( IH ) /c m ^ .
P A R T  2
E X A M IN A T IO N  O F P R O P R IE T A R Y  C H R O M ATE 
T R E A T E D  STEELS
In tro d u c tio n
/
E x p e r im e n ta l
O x id is ib le  C h ro m iu m  M easurem en ts  
P o te n tio -k in e tic  M ethod o f C o u lo m e tr ic  O x id a tion  
o f C h ro m iu m  
R esu lts
D iscu ss io n
C onc lus ions
P A R T  2 . E X A M IN A T IO N  O F P R O P R IE T A R Y  C H R O M ATE
T R E A T E D  STEELS
IN TR O D U C T IO N
A  n u m be r o f c h ro m a te - tre a te d  s te e ls , o f Japanese p ro d u c ­
t io n , have been in tro d u ce d  re c e n t ly  as a lte rn a tiv e  m a te r ia ls  to  
t in p la te . The p r in c ip a l t in p la te  substitu tes, and the ones exam ined 
h e re , a re  " H i-T o p "  and "C a n s u p e r" , A  s u b s ta n tia l "c h ro m a te "  
f i lm  is  deposited  on the s te e l e le c t ro ly t ic  a lly ,  in  a s im i la r  m anne r 
to  the e le c tro d e p o s itio n  o f t in  on h igh -spe ed  tin p la te  l in e s . The 
"c h ro m a te "  f i lm s  a re  o f a s u ff ic ie n t th ickn e ss  to  p re ve n t a tm o s ­
p h e r ic  in d o o r c o rro s io n , and to  enhance the c o r ro s io n  re s is ta n c e  
o f the la cq u e re d  sheet, a lthough  the  th ickn e ss  o f the  p ro te c tiv e  
co a ting  is  m uch  le s s  than  th a t o f the t in  co a ting  on t in p la te .
The " H i-T o p "  p ro ce ss , a cco rd in g  to  the pa ten t and an 
e a r ly  re p o r t  depos its  a h yd ra ted  c h ro m ic  oxide f i lm  e s tim a te d
to  be le s s  than  100 nm  th ic k . The ch ro m a te  tre a tm e n t co n s is ts  o f
/
ca thod ic  tre a tm e n t a t 200 m A /c m ^  in  a c h ro m ic  a c id  e le c tro ly te  
(20 -  100 g C r C ^ / l )  co n ta in in g  s m a ll a dd itions  (0 .2  -  4. 0 g / l )  o f 
e. g. d iso d iu m  pheno l 2, 4 d isu lphona te . A  ty p ic a l tre a tm e n t t im e  
is  20 seconds a t 50 -  70°C . The ch ro m a te  tre a tm e n t is  p receded  
by  th o ro ug h  c lea n in g  and an a c id  d ip  in  e. g. h y d ro c h lo r ic  a c id .
The "C a n su p e r"  p ro ce ss  is  e s s e n tia lly  s im i la r  in  
concept except th a t the "c h ro m a te "  tre a tm e n t is  a th in  (50 nm )
c h ro m iu m  m e ta l p la t in g  tre a tm e n t u s in g  a co nven tio na l C rO g /H ^S O ^ 
e le c tro ly te , w h ich  is  fo llo w e d  b y  a n o n -e le c tro ly t ic  ch rom a te  p a ss iva  
t io n  d ip .
A  th i r d  p ro ce ss , w h ich  has not reached  c o m m e rc ia l p ro d u c ­
t io n , is  a s im i la r  e le c tro -c h ro m a tin g  p ro cess  developed b y  the 
A sso c ia te d  C h e m ica l C om panies L im ite d  (34)^ T h is  p ro ce ss , 
designated A C B  in  th is  re p o r t ,  was a pp lied  at s im ila r  h igh  c u r re n t 
d e n s itie s  (200 m A /e m ^ )  u s in g  a m o d if ie d  c h ro m ic  a c id  e le c tro ly te . 
The ch ro m a te  f i lm  was c la im e d  to  be c h ro m ic  oxide  co n ta in in g  
som e c o r ro s io n - in h ib it in g  ch ro m a te s .
These types o f ch ro m a te  coa tings a re  app lied  un de r m o re  
e x tre m e  co n d itio n s  than  had been co n s id e re d  in  the e a r l ie r  w o rk  
(P a rt 1). They p roduced  f i lm s  c la im e d  to  have the p ro p e r t ie s  
re q u ire d  o f a co n ve rs io n  co a ting , n a m e ly  p ro v id in g  l im ite d  c o r r o s ­
io n  p ro te c tio n  by th e m se lve s , and im p ro v e d  c o r ro s io n  p ro te c tio n  
w ith  con ven tio n a l o rg a n ic  co a tings .
In  th is  p a r t  o f the  w o rk , the  ch ro m a te  coa tings on these  
types o f c h ro m a te - tre a te d  s te e l w e re  exam ined and co m p are d  by  
e le c tro c h e m ic a l o x id a tio n .
E X P E R IM E N T A L
O x id is ib le  C h ro m iu m  M easurem en ts
The c h ro m iu m  oxide  and c h ro m iu m  m e ta l con ten t o f the 
c h ro m a te - tre a te d  s te e ls  w e re  m ea su red  u s in g  the constan t c u r re n t 
m ethod, d e sc rib e d  in  P a r t  1, in  w h ich  p o te n tia l was re c o rd e d  
ag a ins t t im e , and u s in g  a p o te n tio -k in e t ic  m ethod in  w h ich  c u r re n t 
was re c o rd e d  aga ins t t im e .
P o te n tio -k in e tic  M ethod o f C o u lo m e tr ic  O x ida tion  o f C h ro m iu m
T h is  m ethod depended on the sam e c o u lo m e tr ic  o x id a tio n  : -
C r ( I I I )   C r(V I)  + 3e
C r(O )  C r(V I)  + 6e
as used fo r  the  constan t c u r re n t m ethod. The sam e e le c tro ly te , 
l #O N  NaOH, and the  sam e c e lls ,  as shown in  F ig u re  1 .2 , w ere  
used.
Ins tead  o f u s in g  a constan t o x id a tio n  c u r re n t and re c o rd in g  
the p o te n tia l, the  .p o te n tia l o f the  s te e l was p ro g re s s iv e ly  ra is e d  
(made m o re  anod ic) f ro m  its  re s t p o te n tia l and the re s u lta n t 
c u r re n t p ass in g  betw een the  spec im en  and a p la t in u m  co u n te r 
e le c tro d e  was re c o rd e d . In i t ia l ly  o n ly  v e ry  s m a ll c u r re n ts  w e re  
re c o rd e d  co rre s p o n d in g  to  unwanted re a c tio n s , e .g . the  p a s s iv a ­
t io n  o f the s te e l •
Fe + 2 (OH) -------?■ Fe (O H L  + 2e
o r  Fe + 3(O H)“  ____ Fe (OH) + 3eo
Subsequently the c u r re n t r is e s  when the  o x id a tio n  p o te n tia l o f the 
c h ro m iu m  o x id a tio n  re a c tio n  is  reached , and th is  re a c tio n  con tinues 
u n t i l  a l l  o x id is ib le  c h ro m iu m  -  m e ta l o r  ox ide  -  is  o x id ise d . The 
c u r re n t then  fa l ls  to  a lo w  va lu e , and o n ly  in c re a se s  aga in  when 
the p o te n tia l o f the oxygen e vo lu tio n  re a c tio n  is  reached . The 
am ount o f c h ro m iu m  o x id ise d  can then  be ca lcu la te d  f ro m  the a re a  
un de r the c u r re n t / t im e  c u rv e .
The types o f cu rve s  p roduced  a re  com pared  in  F ig u re  2 .1 .
T h e 'c ir c u it  used fo r  these m e asu rem en ts  is  shown in  
F ig u re  2 .2 . F o r  som e e xp e rim e n ts  a m u ltic h a n n e l re c o rd e r  was 
used and the  p o te n tia l o f the  anode was s im u lta n e o u s ly  re c o rd e d  v ia  
a second E le c tro m e te r .
R ESU LTS •
In  a d d itio n  to  p ro v id in g  a q u a n tita tive  m e a su re  o f the am ount 
o f c h ro m iu m  o x id ise d  p e r u n it a re a , both  m ethods appeared to  
in d ic a te  c h a ra c te r is t ic  o x id a tio n  p o te n tia ls . C o n s ta n t-c u rre n t 
p o te n t ia l/ t im e  cu rve s  w ere  c h a ra c te r is e d  by an in i t ia l  peak and 
one o r  tw o p r in c ip a l d h ro m iu m  o x id a tio n  p o te n tia ls . The p o te n tio -  
k in e t ic  c u r re n t / t im e  cu rve s  so m e tim e s  showed tw o  c u r re n t m a x im a
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Id e a lis e d  C u rve s
a t ( i i )
( i i i )
T im e  (cou lom bs) C u rre n t
C rO C  A  T C r o C  A
( i)  heavy, s in g le  com ponent ch ro m a te  f i lm .
( i i )  tw o  com ponent ch ro m a te  f i lm ,  s lig h t "b a ckg ro u n d " o x id a tio n ,
( i i i )  th in  ch ro m a te  f i lm  w ith  m a rke d  "b a ckg ro u n d " o x id a tio n .
F ig u re  2 .1 : C o m p a riso n  o f P o te n t ia l/T im e  C u rve s  ob ta ined  at 
Constant C u rre n t, and C u r re n t /T im e  C u rve s  
obta ined d u rin g  P o te n tia l Scan.
o u .
j shunt
• p—■* 1.  p-AAAA/V***^
W enking
P o te n tio s ta t V a lve  V o ltm e te r  m easu res  c e ll  
p o te n tia lc e ll
V a lve  V o ltm e te r  
m e a su re s  c e ll-  
c u r re n t .
Tw o channe l p o te n tio m e tr ic
c h a r t re c o rd e rs
F ig u re  2 .2 : C ir c u it  used fo r  P o te n tio k in e tic  M ethod o f
A nod ic  O x id a tion .
/
at w e ll-d e f in e d  p o te n tia ls . These va lues w e re  re c o rd e d  in  a d d itio n  
to  the  c h ro m iu m  m e a su re m e n ts . Specim en re s u lts  a re  g iven  in  
T ab le  2 .1 .
T ab le  2 .1
R esu lts  o f C onstant C u rre n t (CC) and P o t e n tio -k in e tic  (P K ) A nod ic  
O x id a tion  o f C h ro m iu m  on P ro p r ie ta ry  C hrom a te  T re a te d  Steels
Sample C r(O ) and C r ( I I I ) O x id a tion  P o te n tia ls
m e /  cm ^ (m V  v s . S. C. E . )
CC P K CC * P K *  *
P eak I  I I S i Peak s2
H i-T o p  (1) 170 168 270 110 130-150 175 260 |
(2) 124 133 280 80 110 180 26 0 -  ■
(3) 138 116 190 60 105 140 205 -
(4) 146 121 240 40 10.0 150 200 -
C ansuper (1) 210 186 140 65 120 120 250 -
(2) 500 230 370 -
A C B  L ig h t 17 270 120 -  245 370
A C B  H eavy 77 240 80 -  190 380
*  CC = constan t c u r re n t 
* *  P K  = pot e n tio -k in e tic
CC
Peak
E
tim e
Peak
P K Shoulder'
t im e  and E
The d iffe re n c e  in  o x id a tio n  b e ha v io u r is  c le a r ly  shown by 
a co m p a ris o n  o f the  p o te n t ia l- t im e  and p a r t ic u la r ly  the  c u r re n t -  
t im e  cu rve s  fo r  the d if fe re n t ch ro m a te  tre a te d  s te e ls . These a re  
shown in  F ig u re s  2. 3 and 2 .4
DISCUSSION
W here  bo th  m ethods have been used on sam p les o f the  sam e 
m a te r ia l,  good ag reem ent has been obta ined in  the co u lo m b ic  
m e a su rem en ts  o f c h ro m iu m . The tw o  m ethods both show s e v e ra l 
o x id a tio n  p o te n tia ls , bu t the  va lue s  ob ta ined fo r  these  b y  the  tw o
m ethods a re  not in  good ag reem en t. T h is  is  a ttr ib u ta b le  to  the
)
dependence o f the obse rved  o x id a tio n  p o te n tia ls  on c u r re n t  d e n s ity , 
and thus the p o te n tia ls  o f the  c u r re n t m a x im a  a re  th e m se lve s  
dependent on the c u r re n t .  F o r  m any s im p le  e le c tro c h e m ic a l ■ 
re a c tio n s , th is  in te r re la t io n s h ip  can be exp ressed  b y  the T a fe l 
equation
E = a + b lo g ( j )
(w here  E. = o bse rved  re a c tio n  p o te n tia l, a and b a re  co ns tan ts , 
and i / A  = c u r re n t dens ity )
Thus w h ils t  the  o x id a tio n  p o te n tia ls  ob ta ined by  the constan t 
c u r re n t m ethod (at a s p e c if ic  c u r re n t de ns ity ) a re  c h a ra c te r is t ic  
o f the  species be ing  o x id ise d , the  p o te n tia ls  o f the  c u r re n t m a x im a
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obta ined by  the  pot e n tio -k in e tic  m ethod a re  no t, except at s im i la r  
va lues  o f c u r re n t m a x im a .
I t  is  te m p tin g  to  ass ign  the observed  o x id a tio n  p o te n tia ls  
to  s p e c if ic  c h ro m iu m  com pounds. R e fe r r in g  to  Tab le  2 .1 , the 
re s u lts  ob ta ined b y  the p o te n tio -k in e t ic  m ethod, the  c u r re n t 
m a x im u m  o f "C a n su p e r"  a t 370 m V  cou ld  be a ttr ib u te d  to  c h ro m iu m  
m e ta l, and the sh o u ld e r at 230 m V  to  a s m a ll p ro p o r t io n  o f 
c h ro m iu m  ox ide . T h is  agrees w ith  the m a x im a  at 260 m V  and 
245 m V  fo r  " H i-T o p "  and A C B  tre a te d  s te e l re s p e c t iv e ly , the  
m a jo r  com ponent o f w h ich  is  b e lie ved  to  be c h ro m ic  ox ide .
D oubt is  cas t on th is  s im p le  exp lana tion  by  the co m p le x  
v a r ie ty  o f o x id a tio n  p o te n tia ls  re c o rd e d  in  la te r  w o rk  (P a rt 5), 
and by re c e n t in fo rm a t io n  supp lied  by the m a n u fa c tu re rs  o f 
" H i-T o p "  to  the e ffe c t th a t the f i lm  c o m p o s itio n  is  about tw o 
th ird s  c h ro m iu m  m e ta l and one th ir d  h yd ra ted  oxide (35)^ T h is  
la t te r  in fo rm a t io n  s a t is fa c to r i ly  accounts fo r  the ob served  tw o -  
com ponent n a tu re  in d ica te d  b y  the c u r re n t - t im e  c u rv e s , and, 
le s s  c le a r ly ,  b y  the p o te n t ia l- t im e  cu rve s  in  F ig u re  2. 3. j
The p o te n tio -k in e t ic  m ethod o x id ise s  the  f i lm  com ponents 
in  o rd e r  o f in c re a s in g  o x id a tio n  p o te n tia l. On the o th e r hand, 
the peaks observed  on the p o te n t ia l- t im e  cu rve s  obta ined by  
the constan t c u r re n t m ethod suggest th a t the  f i lm  m ay be o x id is e d
p ro g re s s iv e ly  f ro m  the f i lm  s u rfa ce  to  the  s te e l- f i lm  in te r fa c e ,
thus p ro v id in g  a c ro s s -s e c t io n  o f the f i lm .  T h is  is  d iscussed
fu r th e r ,  in  the  l ig h t o f la te r  w o rk , in  P a r t  5.
\
CONCLUSIONS
The co nc lus ions  to  be d e rive d  fro m  th is  w o rk  a re  :-
1. The su rfa ce  co n cen tra tio n s  o f e le c tro -d e p o s ite d  c h ro m iu m  
and c h ro m iu m  oxide can be m easured  c o u lo m e tr ic  a l ly  by 
anodic o x id a tio n , e q u a lly  by  the  d u ra tio n  o f the  p o te n tia l 
a r re s t  at constan t c u r re n t ,  o r  by the c u r re n t / t im e  in te g ra l 
at u n ifo rm  in c re a s e  in  p o te n tia l.
2. B oth  m ethods enable d if fe re n t com ponents in  the  f i lm s  to
/ ■ 
be d is tin g u ish e d , bu t not to  be id e n tif ie d  s p e c if ic a lly .
3. The Mc h ro m a te M, o r  m e ta l and "c h ro m a te "  f i lm s  p re se n t 
on p ro p r ie ta r y  c h ro m a te - tre a te d  s tee ls  co n ta in  c h ro m iu m  
equ iva len t to  100 -  500 m c /c rn ^ , i . e .  9 -  45 j jg  C r '/c m ^  
(based on a 6 -e le c tro n  o x id a tio n  re a c tio n ) . T h is  com p are s
9 9w ith  the 10 m c /c m  , equ iva len t to  c ir c a  1 jag C r /c m  , 
ob ta ined  on c h ro m a te - tre a te d  s te e l in  P a r t  1.
4. C athod ic re d u c tio n  in  c h ro m ic  a c id  e le c tro ly te s  at r e la t iv e ly  
h igh  c u r re n t d e ns itie s  can p roduce  "c h ro m a te "  f i lm s  on 
s te e l o f s u b s ta n tia l th ickn e sse s ; th is  re d u c tio n  has a 
p o te n tia lly  u se fu l p ra c t ic a l va lue  as a "c o n v e rs io n "  c o a tin g  
type  o f p re tre a tm e n t.
P A R T  3
E L E C T R O L Y T IC  C H R O M ATE T R E A T M E N T S  A P P L IE D  
A T  H IG H  C U R R EN T D EN SIT IES
Introduction
The A C B  T re a tm e n t
Study o f F a c to rs  A ffe c tin g  F i lm  F o rm a tio n  
The E le c tro ly te  
The C ond itions  o f E le c tro ly s is  
The E le c tro d e  Surface
E x p e r im e n ta l and R esu lts
D is c u s s io n  o f R esu lts
C onc lus ions
P A R T  3 E L E C T R O L Y T IC  C H R O M ATE T R E A T M E N T S  
A P P L IE D  A T  H IG H C U R R EN T D E N S IT IE S
IN TR O D U C T IO N
The w o rk  d e sc rib e d  in  P a r t  1 showed tha t ch ro m a te  f i lm s  
th ic k e r  than n o rm a l p a ss iva tio n  ch rom a te  f i lm s  could not be f o r ­
m ed on s te e l by s im p le  d ip  tre a tm e n t o r  by ca thod ic  tre a tm e n t a t
• 2low  c u r re n t d e n s ity  ( - <  20 m A /c m  ) in  s im p le  ch rom a te  s o lu tio n s .
The w o rk  d e sc rib e d  in  P a r t 2 was c a r r ie d  out on th ic k e r ,  m o re
• 2 p ro te c tiv e  f i lm s  fo rm e d  by  h igh  c u rre n t d e n s ity  (ca . 200 m A /c m  )
ch ro m a te  tre a tm e n ts . One o f these tre a tm e n ts , the A C B  p ro ce ss , 
was c la im e d  to  be s tra ig h t- fo rw a rd  to  ap p ly , and w as found to  p ro ­
v ide  the d e s ire d  com b ina tion  o f p ro p e r t ie s . The a p p lic a tio n  o f th is  
e le c t ro ly t ic  ch ro m a te  p ro cess  to  s te e l fo rm s  the su b je c t fo r  the 
re m a in d e r o f th is  w o rk , w h ich  inc lu d e s  ( i)  a >study o f the fa c to rs  
c o n tro ll in g  f i lm  fo rm a tio n , ( i i )  a s tudy o f the  na tu re  and co m p o s itio n  
o f the ch ro m a te  f i lm s ,  and ( i i i )  a s tudy o f th e ir  c o r ro s io n  and p e r ­
fo rm a n ce  p ro p e rt ie s  w ith  and w ith o u t o rg a n ic  coa tings .
P re l im in a ry  s tud ies  in v e s tig a tin g  the fa c to rs  c o n tro ll in g  
f i lm  fo rm a tio n  a re  covered  by P a r t  3.
The A C B  T re a tm e n t
The A C B  tre a tm e n t, in  com m on w ith  o th e r c o m m e rc ia l 
e le c tro c h ro m a tin g  p rocesses and w ith  c h ro m iu m  m e ta l p la t in g ,
in vo lve s  ca thod ic  tre a tm e n t a t h igh  c u r re n t d e n s ity  in  m o d e ra te ly  
concen tra ted  c h ro m ic  ac id  e le c tro ly te s . A l l  these p rocesses have 
a low  c u r re n t e ff ic ie n c y , m os t o f the c u r re n t be ing used to  p roduce 
hydrogen . The p rocesses d if fe r  in  the e le c tro ly te  a d d itiv e s . F o r  
exam p le , the H i-T o p  tre a tm e n t in  one fo rm  uses su lphonated pheno ls; 
in  c h ro m iu m  p la t in g , su lphates o r  s i l ic o f lu o r id e s  a re  added to  the 
c h ro m ic  ac id  e le c tro ly te . The a d d itive  used in  the A C B  p ro cess  is  
b a r iu m  ch ro m a te .
The e le c tro ly te  used fo r  the A C B  p ro cess  is. m ade up as
be low .
C rO s 100 g
B a(O H ) 2  h yd ra ted  10 g
W a te r (de ion ised ) to  1 l i t r e
The e le c tro ly te  is  e ffe c t iv e ly  a 1 M  so lu tio n  o f C rO ^ 
sa tu ra te d  w ith  BaC rgO T.
The p ro cess  was thought to  opera te  as fo llo w s  ^ 6 )^  B a r iu m  
ch rom a te  (co n ve n ie n tly  added as b a r iu m  h yd ro x id e ) is  o n ly  s p a r in g ly  
so lub le  in  w a te r  ( s o lu b i l i ty  0. 35 m g /100 g w a te r  a t 18°C). In  ac id  
s o lu tio n s , w here  the d ich ro m a te  ion  p redom ina tes  o v e r the ch ro m a te  
io n , the s o lu b il i ty  is  a p p re c ia b le , and in  a 1 M  CrOg e le c tro ly te  
(p ro v id e d  an excess o f so lid  ch rom a te  is  p re se n t) a cons tan t, s a tu ­
ra t io n  co n ce n tra tio n  o f b a r iu m  d ic h ro m a te  is  m a in ta in e d  in  s o lu tio n .
On ca thod ic  tre a tm e n t, the  p r in c ip a l e le c trod e  re a c tio n s  a re :-
H + e
C r(V I)  + 3e —> C r ( I I I )  
o r  C r 20 7"  + 14H+ + 6e — 2 C r+++ + 7 H 20
A t the low  pH o f the e le c tro ly te , c irc a  0 -  0. 5, the s o lu b i l i ty  
p ro d u c t o f C r(O H )3  w ou ld  no t be exceeded, and the c h ro m ic  ions 
w ou ld  re m a in  in  so lu tio n . H ow e ve r, bo th  e le c tro d e  re a c tio n s  in ­
vo lve  the  re m o v a l o f hydrogen  io n s , and at h igh  ra te s  o f e le c t ro ­
ly s is ,  i . e .  a t h igh  c u r re n t d e n s itie s , a .s ig n if ic a n t in c re a s e  in  pH 
re s u lts  a t the e le c tro d e  s u rfa ce s .
The in c re a se d  pH at the cathode su rfa ce  re s u lts  in  ( i )  the 
p re c ip ita t io n  o f c h ro m ic  h y d ro x id e , and ( i i )  a change in  the 
^ r 2 ^7  /C rO ^ ~ "  ra t io ,  so th a t som e o f the b a r iu m  d ic h ro m a te
is  p re c ip ita te d  as b a r iu m  ch ro m a te . A  fu r th e r  p o s s ib i l i ty  is  the 
p re c ip ita t io n  o f "c h ro m iu m  c h ro m a te " . Thus the f in a l ch ro m a te  
f i lm  co n s is ts  o f c h ro m ic  ox ide , b a r iu m  ch rom a te  and p o s s ib ly  
c h ro m iu m  ch ro m a te .
The A C B  ch ro m a te  f i lm  was be lie ved  to  be e ffe c tiv e  as a 
c o r ro s io n  in h ib it in g  p ro te c tiv e  coa ting  fo r  tw o reasons: ( i)  i t  
p ro v id e d  an In e r t  b a r r ie r  la y e r ,  c h ro m ic  oxide  be ing c h e m ic a lly  
and e le c tro c h e m ic a lly  in e r t  o v e r a w ide p o te n tia l and pH ra nge , 
and ( i i )  the low  co n ce n tra tio n  o f ch ro m a te  ions  m ade a v a ila b le  by
/
the  r e s e rv o ir  o f b a r iu m , o r  c h ro m iu m , ch rom a te  p ro v id e d  l im ite d  
a c tive  c o r ro s io n - in h ib it in g  p o te n tia l.
W o rk  d e sc rib e d  in  la te r  sec tions  exam ines the d e po s itio n  
and co m p o s itio n  o f the ch rom a te  f i lm s ,  and hence the v a lid i ty  o f 
the  suggested m ode o f fo rm a tio n  and a c tio n .
Study o f F a c to rs  A ffe c tin g  F i lm  F o rm a tio n
Once p re lim in a ry  e xp e rim e n ts  had co n firm e d  th a t th ic k  
ch ro m a te  f i lm s  could be fo rm e d  by ca thod ic  tre a tm e n t at h igh  
c u r re n t d e n s ity  fro m  the A C B  e le c tro ly te , the p rocess  was 
s tud ied  s y s te m a tic a lly . The fo llo w in g  v a r ia b le s  w e re  invo lve d  
in  the p ro ce ss .
1. The e le c tro ly te :
( i)  C r 0 3  C oncen tra tion
W o rk  was la rg e ly  confined to  w o rk in g  a t 100 g /1  concen­
t ra t io n .  H ig h e r C rO g con cen tra tio n s  in c re a se  the e le c t r ic a l con ­
d u c t iv ity  and hence the e le c t r ic a l (pow er) e ff ic ie n c y , and in c re a s e  
the ch rom a te  ion  a c t iv ity ,  bu t in tro d u c e  uneconom ic w astage o f 
e le c tro ly te  by be ing c a r r ie d  o v e r by the w o rk  in to  the w ash ing  
stage.
( i i )  C r 'H~+ C once n tra tion
C h ro m ic  ions a re  co n tinuo us ly  crea ted  at the cathode, 
bu t a s m a ll,  a p p ro x im a te ly  constan t, co n cen tra tio n  is  ach ieved
by the use o f a lead anode at w h ich  re -o x id a tio n  to  hexava len t 
c h ro m iu m  o ccu rs . The o v e ra ll co n cen tra tio n  o f c h ro m ic  ions 
m ig h t be expected to  e x e r t an in i t ia l  in flu e n ce  on the p re c ip ita t io n  
o f c h ro m ic  oxide f i lm s ,  but the c h ro m ic  ion  co n ce n tra tio n  a t the 
cathode su rfa ce  is  subsequen tly  dependent on the ra te  o f cathode 
re d u c tio n . No a tte m p t was m ade to  v a ry  o r  c o n tro l the C r  
c o n c e n tra tio n , bu t m e asu re m e n ts  on used e le c tro ly te s  showed 
co n ce n tra tio n s  o f the o rd e r  o f 0. 4 g C r ( I I I ) / l .  T h is  re p re s e n ts  
0. 8% o f the to ta l c h ro m iu m  p re se n t in  the e le c tro ly te .
( i i i )  pH
No a tte m p t was m ade to  c o n tro l o r  v a ry  pH, w h ich  was 
d e te rm in e d  by io n is a tio n  o f c h ro m iu m  tr io x id e  in  w a te r:
2 C rO s + H 20  — >  2H+ + C r20 7~~ ‘
The pH c o n tro ls  the  p re c ip ita t io n  o f C ^ O g  and the C r2C>7 
C rO ^ ra t io ,  and hence the s a tu ra tio n  co n ce n tra tio n  o f B a C r 2C>7 . 
A l l  w o rk  was c a r r ie d  out at the  n a tu ra l pH o f the 1 M  C rO g e le c t ro ­
ly te .  pH m e te r  m easu rem e n ts  on the b u lk  e le c tro ly te  gave a va lue  
o f 0. 0 -  0t 3. ^ I t  m u s t be re m em b e re d  th a t the pH a t a caijhode s u r ­
face o p e ra tin g  a t h igh  c u r re n t d e n s ity  w i l l  in c re a se  to  a h ig h e r 
va lu e .
( iv )  B a r iu m  C oncen tra tion
T h is  was m a in ta in ed  at the s a tu ra tio n  va lue  o f Ba C rgO ^, 
d e te rm in e d  by the e le c tro ly te  pH.
2. The Conditions of E le c tr o ly s is
( i)  C u rre n t D e n s ity
The c u r re n t d e n s ity  d e te rm in e s  the e le c trod e  p o te n tia ls  
and thus the e le c tro d e  re a c tio n s  w h ich  can take p lace ( th is  aspect 
is  cons ide red  m o re  fu l ly  in  P a r t  4). I t  a lso  p ro v id e s  o v e ra l l  con­
t r o l  o f the to ta l re a c tio n  ra te  a cco rd in g  to  F a ra d a y ’ s la w s .
The c u r re n t d e n s ity  .was th e re fo re  an im p o rta n t v a r ia b le  
in  c o n tro ll in g  f i lm  g ro w th , and the e ffe c ts  o f i ts  v a r ia t io n  w e re  
s tud ied  in  th is  w o rk .
( i i )  T re a tm e n t T im e
F o r  a s tra ig h t- fo rw a rd  e le c t ro ly t ic  p ro ce ss , e .g . the 
d e p o s itio n  o f copper f ro m  copper su lphate  so lu tio n , the coa ting  
d e p o s itio n  w ould  be in  accordance w ith  F a ra d a y ’ s la w s , and, at 
constan t c u r re n t ,  the  coa ting  w e ig h t w ould  be p ro p o r t io n a l to  
tre a tm e n t t im e . T h is  does not n e c e s s a r ily  fo llo w  fo r  the A C B  
p ro c e s s , in  w h ich  f i lm  fo rm a tio n  is  but one o f s e v e ra l c o n c u rre n t 
re a c tio n s . The e ffe c ts  o f tre a tm e n t t im e  on coa ting  w e ig h ts  w e re  
s tud ied  w ith in  the range  5 - 1 0 0  seconds.
( i i i )  E le c tro ly te  T e m p e ra tu re
M o s t w o rk  was c a r r ie d  out at and s l ig h t ly  above am b ie n t 
te m p e ra tu re , i .  e* w ith in  the range 20 -  30°C . The h ig h e r te m ­
p e ra tu re s  w e re  genera ted  by the d is s ip a tio n  o f pow er in  the e le c ­
t ro ly te  d u rin g  continuous use.
3. The E lectrod e Surface Condition
( i)  E le c tro d e  M e ta l
The w o rk  o f th is  sec tion  was confined to  the use o f cold 
reduced m ild  s te e l e le c tro d e s . Some w o rk  re p o rte d  in  P a r t 4 
made use o f o th e r m e ta ls .
( i i )  C lean ing  P ro cesses
A  c lean ing  tre a tm e n t was a n e ce ssa ry  p re lim in a ry  p ro ­
cess p r io r  to  the  a p p lica tio n  o f the ch rom a te  tre a tm e n t, bu t the 
c lean ing  p ro ce d u re  w ou ld  n o t n o rm a lly  be expected to  a ffe c t the 
ra te  o f f i lm  d e p o s itio n . The fo llo w in g  c lean ing  p rocesses  w e re  
exam ined in  com b in a tion  w ith  the "a c id  d ip "  tre a tm e n ts  l is te d  
in  ( i i i ) :
V a p o u r d e g re as ing  in  tr ic h lo ro e th y le n e
/
L iq u id  phase so lve n t c lean ing  in  acetone and a lco h o l
S crubb ing  in  aqueous de te rge n t so lu tio n s
S crubb ing  w ith  sco u rin g  pow der j
I /
A b ra s io n  w ith  e m e ry  paper '
N o n -e le c tro ly t ic  c lean ing  in  s tro n g  a lk a li
A nod ic  and ca thod ic  c lean ing  in  s tro n g  a lk a li.
( i i i )  A c id  D ip
A c id  d ipp ing  fu r th e r  c leans the e le c tro d e  su rfa ce  and 
re m ove s  the a ir - fo rm e d  oxide  f i lm .  The fo llo w in g  ac id  s o lu tio n s  
w e re  used:
6N HC1 )
) each used at am b ien t te m p e ra tu re s  fo r
1 8 N H 2S 0 4 )
) im m e rs io n  p e rio d s  o f 10 -  30 seconds
3 .6  N H 2S 0 4 )
IN  HNOg 2 - 1 0  second d ip s  a t a m b ien t te m p e ra tu re
D ip p in g  was fo llow ed  by a tho rough  r in s e  in  tap  w a te r .
E X P E R IM E N T A L  and RESULTS
S e ve ra l s e r ie s  o f ca thod ic  ch rom a te  tre a tm e n ts  w e re  app lied  
to  s te e l us ing  the A C B  e le c tro ly te , in  w h ich  a l l  bu t one o f the v a r i ­
ab les d e sc rib e d  above w e re  m a in ta in e d  constan t, and the one v a r i ­
a b le , e. g. t im e , was changed o ve r a range o f va lu e s . The co a ting  
w e ig h ts  w e re  assessed by c o u lo m e tr ic  anodic o x id a tio n  as d e sc rib e d  
in  P a r t  1, and a lso  by an e m p ir ic a l sca le  based upon the in te r fe re n c e  
co lo u rs  shown by the f i lm s  when v iew ed p e rp e n d ic u la r ly  to  the s u r ­
face . (The re la t io n s h ip  o f th is  c o lo u r sca le  to  m ea su re m e n ts  o f .
f i lm  w e ig h t, C r ( I I I )  and to ta l c h ro m iu m , is  g iven  in  P a r t  5, T a b le  5 .3 ) .
/  '
The re s u lts  obta ined w ith  d if fe re n t c lean ing  p ro ce sse s , bu t 
w ith o u t an "a c id  d ip "  tre a tm e n t, w e re  e r r a t ic .  The o rg a n ic  so lve n t 
c lean ing  p rocesses p e rm itte d  o n ly  th in  and uneven f i lm s  t o  be fo rm e d , 
m o re  o r  le s s  independent o f ch rom a te  tre a tm e n t t im e s .
A  w ide  sp read  o f re s u lts  was re co rd e d  fo r  tre a tm e n ts  c a r r ie d
out on s te e l spec im ens w h ich  had been abraded by e m e ry  pape r. These
2re s u lts ,  co ve rin g  a range o f c u r re n t d e n s itie s  o f 20 -  2000 m A /c m  ,
tre a tm e n t t im e  o f 3 -  120 seconds, and o f te m p e ra tu re s  in  the. 
range 20 -  65°C , a re  shown in  F ig u re  3. 1. In  th is  f ig u re , the 
charge  re q u ire d  to  app ly  the coating  is  com pared w ith  the charge 
re q u ire d  to  o x id ise  the coa ting . B o th  sca les  a re  lo g a r ith m ic  to 
accom m odate  the w ide  ranges in ve s tig a te d .
U s ing  a d e te rg e n t (T eepo l) o r  a sco u rin g  pow der and w a te r ,
aga in  w ith o u t ac id  d ip , th in  u n ifo rm  f i lm s  w e re  ob ta ined . The
th ickn e ss  was independent o f tre a tm e n t t im e  w ith in  the range 10 -
260 seconds a t 200 m A /c m  . The th ickn e ss  o f f i lm s  obta ined in
2th is  w ay , as m easured  by anodic o x id a tio n , was ty p ic a lly  5 m C /c m  .
C athod ic a lk a l i  c lean ing  gave som ew hat th ic k e r  ch ro m a te
f i lm s ,  but o n ly  when an ac id  d ip  was used subsequen tly  w e re  th ic k
/
ch ro m a te  coa tings fo rm e d  in  p ro p o rtio n  to  tre a tm e n t t im e . F o r
p
e xam p le , e le c tro ly s is  fo r  30 sec. a t 200 m A /c m  gave f i lm s
2m easured  at 30 -  40 m C  C r ( I I I ) /c m  , i .  e. f iv e  to  ten  tin j.es th ic k e r  
than those obta ined w ith o u t an ac id  d ip . R esu lts  d e m o n s tra tin g  the 
f i lm  g ro w th  on a c id -d ip p e d  s te e l a re  b e tte r  i l lu s tra te d  by the  ra d io ­
t r a c e r  e xp e rim e n ts  in  P a r t  6.
The d if fe re n t ,fa c id -d ip M tre a tm e n ts  showed d if fe re n t e ffe c ts  
on the subsequent ch ro m a te  f i lm  g ro w th . B o th  h y d ro c h lo r ic  ac id  
and s u lp h u r ic  ac id  re s u lte d  in  re la t iv e  th ic k  f i lm s  be ing fo rm e d , 
w hereas n i t r ic  ac id  (w h ich  ra p id ly  etched the s te e l su rfa ce ) gave 
m uch  th in n e r  coa tings .
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T y p ic a l re s u lts  i l lu s t ra t in g  the e ffe c ts  o f d if fe re n t c lean ing  
and ac id  d ipp ing  p re tre a tm e n ts  a re  g iven  in  T ab le  3 .1 .
T ab le  3. 1
E ffe c ts  o f P re c le a n in g  and MA c id  D ip 11 T re a tm e n ts  on A C B  C hrom ate
F i lm  G ro w th
P re tre a tm e n t A C B  C hrom ate  
T re a tm e n t
R e la tive  F i lm  
T h ickness  
C r ( I I I )  m c /c m
10 sec ) 4. 8
20 sec ) 100 m A /c m 2 .4
D e te rg e n t sc ru b b in g 40 sec ) 1 .5
(no ac id  d ip ) 10 sec ) 9 3. 3
20 sec ) 200 m A /c m 3. 3
40 sec ) 2 .4
10 sec ) 5 .4
20 sec ) 100 m A /c m 5 .4
D ip  in  18 N 40 sec ) 8 .4
S u lp h u ric  ac id
10 sec o r  30 sec 10 sec ) 13. 2
20 sec ) 200 m A /c m 27 .3
40 sec ) 3 2 .4
30 sec 18 N H 2S 0 4 30 sec ) 30 -  40
30 sec 6 N HC1 230 sec ) 200 m A /c m  
\
30 -  40
ca. 5 sec IN H N O g
/
30 sec ) 7 - 1 5
W hen an "a c id  d ip 1' tre a tm e n t was in c lu d ed , the type o f 
c lean ing  used, p ro v id e d  i t  was adequate to  ach ieve u n ifo rm  c o a t­
in g s , exe rted  no in flu ence  on the subsequent ch ro m a te  f i lm  g ro w th , 
w h ich  appeared to be co n tro lle d  by the ac id  used in  the d ip  t r e a t ­
m e n t, and by the ch rom a te  tre a tm e n t i ts e lf .
W hen m e a su rin g  the  s u rfa ce  C r ( I I I )  co n cen tra tio n  by anodic 
o x id a tio n , i t  was noted th a t th e re  appeared to  be a s u b s ta n tia l 
am ount o f f i lm  re m a in in g  a f te r  anod ic o x id a tio n , as in d ica te d  by 
the  continued presence  o f in te r fe re n c e  t in ts .  The fu l l  s ig n ific a n c e  
o f th is  o b se rva tio n  is  shown in  the r a d io - t r a c e r  s tud ies  in  P a r t  6.
DISCUSSION O F R ESULTS
The m a in  po in ts  a r is in g  fro m  th is  p a r t o f the w o rk  a re :-
( i)  the  im p o rta n ce  o f a good aqueous-based c lean ing
tre a tm e n t
( i i )  the im p o rta n c e  o f the  ac id  d ipp ing  stage
( i i i )  the  dependence on the ac id  used in  ( i i )
( iv )  the re la t io n s h ip  between coa ting  th ickn e ss  and
c u r re n t d e n s ity  and tre a tm e n t t im e .
C lean ing  o f the m e ta l su rfa ce  is  an e s s e n tia l stage o f a l l  
e le c tro p la t in g  tre a tm e n ts , no t on ly  to  ach ieve adheren t co a ting s , 
bu t a lso  to  ach ieve u n ifo rm  coa tings . The p resence o f even a th in  
f i lm  o f n on -cond uc ting  im p u r it ie s  on a p a r t o f the e le c tro d e  su rfa ce  
ra is e s  the e le c t r ic a l re s is ta n c e  o f th a t a re a , thus d iv e r t in g  the 
c u r re n t to c le a n e r a reas  o f lo w e r  path re s is ta n c e . W ith  the A C B
p ro c e s s , w h ich  is  dependent on a h igh  c u rre n t d e n s ity  to  fo rm  the
/
f i lm ,  any lo c a l re d u c tio n  in  c u r re n t d e n s ity  could re s u lt  in  a d is ­
p ro p o rtio n a te  re d u c tio n  in  f i lm  g ro w th .
The th in  f i lm s  obta ined on cleaned s te e l w h ich  has re ce ive d  
no ac id  d ip  suggest th a t i t  is  a lso  n e cessa ry  to a c tiva te  the s te e l 
s u rfa c e , in  o rd e r  to  ach ieve p ro g re s s iv e  f i lm  g ro w th . W h ils t the 
f i lm s  fo rm e d  w ith o u t an ac id  d ip  a re  a p p re c ia b ly  th ic k e r  than those 
obta ined by the n o n -e le c t r o ly  t ic ,  and lo w -c u r re n t  d e n s ity , t r e a t ­
m en ts  d e sc rib e d  in  P a r t  1, i t  s t i l l  appears th a t f i lm  g ro w th  is  s e lf -  
p a ss iva tin g .
W hen the a ir - fo rm e d  oxide f i lm  was rem oved  f ro m  the 
s te e l by a b ra s io n  w ith  e m e ry  paper be fo re  c h ro m a tin g , the re s u lts  
shown in  F ig u re  3. 1 w e re  ob ta ined. A lthough  th e re  is  a v e ry  w ide  
spread  o f re s u lts ,  the g re a te r  p a r t o f the re s u lts  fa l l  w ith in  the 
n a r ro w e r  range 0 .002 - 0 .005 Q shown in  the g ra ph , and the tre n d  
is  no t at v a r ia n c e  w ith  the expected re la t io n s h ip  tha t :
coa ting  w e ig h t O O  c u r re n t d e n s ity  x  t im e  
a lthough  at V e ry  low  c u rre n t e ff ic ie n c y  (0 .1  -  1%).
The p o o r re p e a ta b ility  and w ide  v a r ia t io n  o f the re s u lts  in  
th is  s e r ie s  can be a ttr ib u te d  to the n o n - re p ro d u c ib il i ty  o f the s u r ­
face ach ieved by e m e ry  pape’r  a b ra s io n . The v a r ia b le  roughness 
produced a range o f a c tu a l su rfa ce  a re a s , and a range o f p a r t ia l ly  
re -o x id is e d  o r  re -p a s s iv a te d  s u rfa ce s .
W hen an "a c id  d ip "  tre a tm e n t is  used, a fre s h  m e ta l s u r ­
face is  fo rm e d  w h ich  is  e s s e n tia lly  independent o f the in i t ia l  c lean ing
procedure or the condition of the oxide film  orig inally  present.
W ith  a c id -d ipp e d  s te e l, subsequent ch ro m a te  f i lm s  w e re  m uch 
h e a v ie r than those p re v io u s ly  obta ined and, above a c r i t ic a l  
c u r re n t d e n s ity , the e le c tro m e tr ie a lly -m e a s u re d  coa ting  w e igh ts  
in c re a se d  w ith  in c re a s in g  tre a tm e n t t im e s  and c u r re n t d e n s itie s .
The b e h a v io u r o f the e le c tro ly te  is  expressed  s c h e m a tic ­
a l ly  in  F ig u re  3. 2. The am ount o f re a c tio n  p ro d u c ts , exp ressed  
in  ch e m ic a l e q u iva le n ts , is  shown p lo tted  aga ins t the q u a n tity  o f 
e le c t r ic i ty ,  o r  cha rge , passed. The lin e  fo r  to ta l re a c tio n  is  
t r u ly  l in e a r  in  accordance  w ith  F a ra d a y 's  la w s , but th is  co m ­
p r is e s  the sum  o f the v a r io u s  e le c tro d e  re a c tio n s . F ig u re  3 .2  ( i)  
i l lu s t ra te s  the fa l l in g -o f f  o f f i lm  d e p o s itio n  w ith  in c re a s in g  t im e  
a t constan t c u r re n t d e n s ity  (h igh  enough to  achieve f i lm  d e p o s itio n ). 
F ig u re  3 .2  ( i i )  i l lu s t ra te s  the n o n - lin e a r  in c re a se  in  f i lm  g ro w th  
a t in c re a s in g  c u r re n t d e n s itie s . F ig u re  3. 2 ( i i i )  com bines 
F ig u re s  3. 2 ( i)  and 3. 2 ( i i )  to  i l lu s t ra te  the in d e fin ite  re la t io n s h ip  
betw een f i lm  g ro w th  and to ta l e le c t r ic  charge  passed w h ich  a r is e s  
fro m  the dependence on c u rre n t d e n s ity  shown in  F ig u re  3 .2  ( i i ) .
The ac id  used fo r  the d ip  tre a tm e n t a lso  shows a s tro n g  
in flu e n ce  on the  ra te  o f coa ting  d e p o s itio n . B o th  h y d ro c h lo r ic  ac id  
and s u lp h u r ic  ac id  appear to  s tro n g ly  "a c t iv a te "  the su rfa ce  r e s u lt ­
ing  in  r e la t iv e ly  heavy f i lm  g ro w th , w hereas n i t r ic  ac id  has a m uch 
s m a lle r  e ffe c t. The reason, fo r  th is  b e h a v io u r is  no t im m e d ia te ly
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( i)  a t constan t
c u r re n t d e n s ity
^  C r  +++ so lu b le
•Cr (1115 C rgC ^ deposited  f i lm  
^  i__________ L
20 40 60
T im e  (sec)
C r  w  
so lu b le  ..
C r  (in) C rgC ^ f i lm
300 mA/i100 200  '0
( i i)  a t cons tan t
tre a tm e n t t im e
C u rre n t D e n s ity
3 M
C harge D e n s ity
( i i i )  o v e r ra n ge  o f c u r re n t  
d e n s itie s  and tre a tm e n t 
t im e s
(*) shape o f C r  ( I I I )  
fo rm a tio n  c u rv e  
not e s ta b lish e d
F ig u re  3 .2 : R e la tio nsh ip  betw een Cathode R eduction  R ates and
C u rre n t D e n s ity  and T re a tm e n t T im e s .
c le a r  on the b as is  o f the s im p le  th e o ry  o f f i lm  fo rm a tio n , but 
la te r  w o rk  (P a r t  4 and P a r t 7) p ro v id e s  an exp lana tion  o f th is  
re s u lt .
CONCLUSIONS
The fo llo w in g  conc lus ions  a re  d raw n  fro m  the w o rk  o f 
th is  se c tio n .
1. S ub s ta n tia l, i . e .  v is ib ly  p re se n t, ch rom ate  f i lm s  can be 
depos ited  on s te e l by ca thod ic  tre a tm e n t a t re la t iv e ly  h ig h  c u rre n t 
d e n s itie s  in  A C B  e le c tro ly te  (1 M  CrOg p lus b a r iu m  io n s ).
2. C hrom ate  f i lm  d e pos ition  fo rm s  o n ly  p a r t o f the ca thod ic  
re d u c tio n  p ro d u c ts , and the ra te  o f depo s itio n  is  not c o n tro lle d  
s o le ly  by F a ra d a ic  co n s id e ra tio n s  o f t im e  and c u rre n t d e n s ity .
3. The ra te  o f / f i lm  depo s itio n  is  in fluenced  s tro n g ly  by the 
p re tre a tm e h t o f the s te e l su rfa ce . Low  ra te s  o f d e p o s itio n , and
a f in a l f i lm  o f low  th ic k n e s s , re s u lt  fro m  s im p le  s u rfa c e -c le a n in g  
p re tre a tm e n ts , but h ig h e r ra te s  w ith  no obvious l im it in g  jth ickn ess  
re s u lt  f ro m  an "a c id  d ip 1' p re tre a tm e n t.
4. P re tre a tm e n t o f the s te e l su rfa ce  in  n i t r ic  ac id  is  m uch 
le s s  e ffe c tiv e  than p re tre a tm e n t in  h y d ro c h lo r ic  ac id  o r  s u lp h u r ic  
ac id  in  "c a ta ly s in g "  ch rom a te  f i lm  g ro w th .
P A R T  4
C ATH O D IC  P O LA R IS A T IO N  STUDIES
In tro d u c tio n
T h e o re t ic a l
E x p e r im e n ta l
/
R e su lts
D is c u s s io n
In te rp re ta t io n  o f P o la r is a tio n  C urves 
E ffe c t o f P re tre a tm e n t
E ffe c t o f D if fe re n t  Cathode M e ta l S ubstra tes
C onc lus ions
P A R T  4 C ATH O D IC  P O LA R IS A T IO N  STUDIES
IN TR O D U C T IO N  •
The o r ig in a l th e o re t ic a l exp lana tion  o f ch rom a te  f i lm  e le c t ro ­
dep o s itio n  g iven  in  P a r t  3 takes no account o f the na tu re  o f the cathode 
s u rfa c e , and indeed w ould  be a p p licab le  to  any conducting  s u b s tra te .
A t  f i r s t  s ig h t, i t  w ould seem v a lid  to  d iscoun t the  s te e l su rfa ce  as a 
fa c to r  in  f i lm  d e p o s itio n , s ince  its  p o te n tia l is  he ld  w e ll  be low  th a t 
at w h ich  ir o n  o x id a tio n  and d is s o lu tio n  could o c c u r; none the less , 
the w o rk  in  P a r t  3 has shown tha t the ra te  o f f i lm  d e p o s itio n  is  
s tro n g ly  c o n tro lle d  by the su rfa ce  p re tre a tm e n t o f the m p ta l.
P o la r is a tio n  s tud ies  us ing  a p o te n tio s ta t w e re  c a r r ie d  out on 
s te e l and o th e r m e ta l l ic  su rfa ce s  in  the A C B  e le c tro ly te  in  o rd e r  to  
e lu c id a te  the m e ch an ism  and k in e tic s  o f f i lm  g ro w th , and in  p a r t ic u la r  
the e ffe c t w h ich  the su rfa ce  p re tre a tm e n t e x e rts  on the re d u c tio n  
k in e t ic s .
T H E O R E T IC A L
The k in e tic s  o f m any s im p le  e le c tro d e  re a c tio n s  can be e x ­
p ressed  e m p ir ic a lly  by the T a fe l equation:
Yj -  a + b lo g  i  
( =  o v e rp o te n tia i i . e .  a c tu a l p o te n tia l le ss  re s t p o te n tia l E - E re s {  
a, b a re  cons tan ts , i  = c u rre n t d e n s ity ).
I t  should be noted th a t an equation o f th is  fo rm  can be d e riv e d  
th e o re t ic a lly  to g ive  va lues  fo r  a and b. The equation is  d e r ive d  fro m  
co n s id e ra tio n s  o f an a c tiv a tio n  energy  assoc ia ted  w ith  the e le c tro n  
t r a n s fe r  re a c tio n s . Thus a p lo t o f p o te n tia l v e rs u s  the lo g a r ith m  o f 
the c u r re n t w ou ld  g ive  a s tra ig h t l in e . In  g e n e ra l, a T a fe l re la t io n ­
sh ip  m a y  app ly  to  both  anodic and ca thod ic  e le c trod e  re a c tio n s . A t  
p o te n tia ls  n e a r the re s t p o te n tia l, the observed c u r re n t c o m p ris e s  
the a lg e b ra ic  sum  o f the c u rre n ts  due to  anode and cathode re a c tio n s , 
and the b e h a v io u r shown in  F ig u re  4 .1  is  observed .
F ig u re  4 .1
E re s t
log  c u r re n t
The s itu a tio n  is  co m p lica te d  when the ca thod ic  re d u c tio n  
p rocesses  o c c u rr in g  in  a c h ro m ic  ac id  e le c tro ly te  a re  co n s id e re d , 
s ince  a n u m b e r o f re a c tio n s  can o c c u r s im u lta n e o u s ly . These a re , 
in  o rd e r  o f d e c rea s in g  th e rm o d yn a m ic  e q u ilib r iu m  p o te n tia ls :-
( i)  re d u c tio n  o f d isso lve d  oxygen to  h y d ro x y l ions
C>2 + 2 H 2 O + 4e —— 4  OH
( i i )  re d u c tio n  o f hexava len t c h ro m iu m  to  t r iv a le n t  c h ro m iu m  
C r(V I)  + 3e — >  . C r ( I I I )
( i i i )  re d u c tio n  o f f e r r ic  and fe r ro u s  ions to  m e ta l l ic  iro n
■ F e ‘HH"  + e —^  Fe++? F b++ + 2e — >  Fe
( iv )  re d u c tio n  o f hydrogen  ions to  hydrogen
2H+ + 2e —>  H 2
(v) re d u c tio n  o f t r iv a le n t  c h ro m iu m  to  m e ta l l ic  c h ro m iu m  
C r ( I I l )  + 3e —>  C r(O )
The k in e t ic s  a re  fu r th e r  co m p lica te d  by  the re s is ta n c e  
im posed  by a p o o r ly -c o n d u c tin g  p re c ip ita te d  f i lm  of- c h ro m ic  ox ide  
o r  b a r iu m  ch ro m a te , and by  the tendency o f ch ro m a te  and d ic h ro m a te  
an ions to  m ig ra te  away f ro m  the cathode u n d e r the in flu e n ce  o f the 
e le c t r ic  f ie ld .
O f the re a c tio n s  lis te d , re a c tio n  ( i)  is  l im ite d  by the a v a il-  
/  ' 
a b i l i ty  o f d isso lve d  oxygen, and re a c tio n  ( i i i )  by the a v a i l ib i l i t y  o f
fe r ro u s  o r  f e r r ic  io n s . These ions  w ou ld  not be expected to  be
p re se n t except in  the  ox ide  and p a ss iva tio n  f i lm  on the  s te e l.
On the bas is  o f th e rm o d yn a m ic  e q u il ib r iu m  p o te n tia ls , r e ­
a c tio n  (v ), the re d u c tio n  to  c h ro m iu m  m e ta l, w ould be expected to  
o c c u r , a lthough  in  p ra c tic e  i t  is  observed th a t the depos ited  f i lm  is  
n o t m e ta l l ic .
The fa c to rs  gove rn in g  c h ro m iu m  de po s itio n  and the ro le  o f
c h ro m iu m  d e po s itio n  "c a ta ly s ts "  (su lpha te  io n s , s i l ic o - f lu o r id e s ,
e t c . ) a re  s t i l l  no t c le a r ly  understood  a lthough a n u m be r o f pa pe rs ,
(19)rev ie w e d  by Ryan v , have been pub lished on the s u b je c t, suggesting  
m ech an ism s  in v o lv in g  the "c a ta ly s t"  ion s .
The w o rk  d e sc rib e d  h e re  exam ines and com pares  the 
fa c to rs  c o n tro ll in g  the ra te  o f ch rom a te  re d u c tio n  on d if fe re n t ,
and d if fe re n t ly - t re a te d ,  s u b s tra te s .
\
E X P E R IM E N T A L
C athod ic p o la r is a t io n  e xp e rim e n ts  w e re  c a r r ie d  out us in g  
a W enking p o te n tio s ta t, the  p o te n tia l c o n tro l o f w h ich  had been 
f it te d  w ith  a constan t-speed  d r iv e  o f 20 m V /m in .  The c u r re n t 
ou tpu t, and the w o rk in g  e le c tro d e  p o te n tia l, w e re  a u to m a tic a lly  
re c o rd e d  on a m u ltip e n  p o te n tio m e tr ic  re c o rd e r .  The c i r c u i t  
w as e s s e n tia lly  the  same as th a t used in  the p o te n tio -k in e t ic
m ethod fo r  anod ic o x id a tio n  o f c h ro m ic  ox ide  f i lm s ,  shown in
\
F ig u re  2. 2.
The c e ll used, shown in  F ig u re  4. 2, had a s m a ll w e l l -
2de fined  cathode su rfa ce  a rea  o f 1 cm  to  a llo w  h igh  c u r re n t den­
s it ie s  to  be ach ieved w ith in  the 300 m A  c u r re n t l im i t  o f the in ­
s tru m e n t. The p r in c ip a l fe a tu re s  w e re  the h o r iz o n ta l p o s it io n in g  
o f the w o rk in g  e le c tro d e  w h ich  a llow ed  the fre e  escape o f hyd rogen  
when fo rm e d , the g lass  and 'P e rs p e x 1 c o n s tru c tio n , and the L u g g in  
c a p il la r y  s a lt b r id g e  connection  w h ich , by i ts  len g th  and re s tr ic te d  
f lo w , e f fe c t iv e ly  p reven ted  co n ta m in a tio n  o f the  w o rk in g  e le c tro ly te  
by KC1 fro m  the reference electrode.
The e le c tro ly te  used was the s tandard  A C B  e le c trc jly te
i .  e. 1 M  C rO g sa tu ra te d  w ith  Ba C rgO ^. A n y  excess Ba CrC>4 
p re c ip ita te  was a llow ed  to  s e ttle  b e fo re  f i l l in g  the c e ll  to  avo id  
s e d im e n ta tio n  on to  the  w o rk in g  e le c tro d e  su rfa c e . The e le c t ro ­
ly te  was n o t e x te rn a lly  s t i r r e d ,  bu t d u r in g  hydrogen  e v o lu tio n , 
n a tu ra l a g ita tio n  and m ix in g  in e v ita b ly  re s u lte d .
P o la r is a t io n  cu rve s  w e re  re co rd e d  by se ttin g  the w o rk in g  
e le c tro d e  a t i t s  re s t  p o te n tia l and then , by  m eans o f the m echa ­
n ic a l d r iv e ,  m o v in g  the  p o te n tia l to  m o re  ca thod ic  va lu es  a t a 
constan t speed, and re c o rd in g  the c u r re n t.
C u rre n t/v o lta g e  p o la r is a t io n  ru n s  w e re  c a r r ie d  out on 
s te e l cathodes a f te r  a v a r ie ty  o f p re tre a tm e n ts , and on o th e r m e ta ls  
both  m o re  "n o b le "  and m o re  "a c t iv e "  than s te e l, as l is te d  b e lo w .
W in k in g  
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F ig u re  4. 2: C ir c u it  and C e ll used fo r  C athod ic  P o la r is a t io n  S tud ies .
M e ta l P re tre a tm e n t R ef. 
F ig u re s  
4. 4 - 4 . 6
M ild  S tee l A braded  w ith  000 e m e ry  paper A
Scrubbed w ith  d e te rg e n t B
D ipped in  1 N HNOg C
D ipped in  6 N HC1 D
D ipped in  18 N HgSO^ E
A lk a lin e  ca thod ic  cleaned F
P la tin u m A lk a lin e  ca thod ic  cleaned G
C opper A b ra d e d , d e te rg e n t scrubbed 
and a lka lin e  ca thod ic  cleaned
H
Z in c i L ig h t ly  abraded to  rem ove J
(ga lvan ised  s te e l) w h ite  ox ide  f i lm
R ESU LTS
The c u r re n t- t im e  cu rv e s , in i t ia l ly  p resen ted  on a range 
o f l in e a r  c u r re n t- t im e  tra c e s , w e re  transposed  to  lo g - l in e a r  g ra ph  
pape r to  g ive  a lo g  c u r re n t v e rs u s  p o te n tia l p o la r is a t io n  c u rv e . A  
ty p ic a l p o la r is a t io n  cu rve  is  shown in  F ig u re  4. 3, and a n u m b e r o f 
o th e r  cu rve s  a re  shown in  F ig u re s  4. 4 (A , B  and C ), 4 .5  (D , E  and 
F ) , and 4, 6 (Gv-‘H and J ).
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F ig u re  4 .4 : C athod ic  P o la r is a t io n  C urves  o f S teel in  A C B  E le c tro ly te  (I)
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F ig u re  4. 5 : C athod ic P o la r is a t io n  C u rve s  o f S tee l in  A C B  E le c tro ly te  ( II)
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C athod ic P o la r is a t io n  C urves o f P t, Cu and Zn  in  A C B  E le c t ro ly teif f l ire  4. 6
1
DISCUSSION
In te rp re ta t io n  o f P o la r is a t io n  C urves
F o r  s te e l su rfa ce s  the p o la r is a t io n  cu rve s  m ay be d iv id e d  
in to  the sec tions  shown in  F ig u re  4. 3.
S ection  I  T h is  shows the a p p ro x im a te ly  l in e a r  T a fe l 
re la t io n s h ip  o f a n o rm a l e le c tro d e  re a c tio n . The p o te n tia l 
range o f th is  se c tio n  is  no t fa r  rem oved  fro m  the th e rm o ­
d yn am ic  re d ox  p o te n tia l o f the C r(V I)  —>  C r ( I I I )  re a c tio n . 
At the pH of the electrolyte# i.e . within the pH range 0* 1, 
the  hexava len t and t r iv a le n t  c h ro m iu m  w ould be so lub le  in  
the fo rm  o f d ic h ro m a te  and c h ro m ic  io n s . No in h ib it in g  
e ffe c ts , and re s u lta n t fa l l in g - o f f  in  c u r re n t,  such as w ou ld  
a r is e  f ro m  the d e p o s itio n  o f a non -cond uc ting  f i lm ,  a re  
shown on th is  p a r t o f the c u rv e , w h ich  is  th e re fo re  a t t r i ­
buted to  the re d u c t io n :-
14H + C r 20 ? + 6e —^  2 C r + 7H20
Section I I  T h is  sec tio n  shows re la t iv e ly  l i t t le  o r  no in ­
c rease  in  c u r re n t w ith  in c re a s in g  p o te n tia l and th e re fo re  
in d ica te s  an a re a  o f cathode p a s s iv ity . T h is  suggests 
th a t a cathode f i lm  has fo rm e d , l im it in g  the cathode r e ­
a c tio n . Such a f i lm  is  l ik e ly  to  be c h ro m iu m  h y d ro x id e , 
o r ,  m o re  c o r re c t ly ,  a hyd ra ted  fo rm  o f c h ro m ic  o x id e , 
w h ich  has becom e p re c ip ita te d  a t the su rfa ce  because i ts
s o lu b il i ty  p ro d u c t has been reached . The l im it in g  c u r re n t 
reached , and the absence o f g ro w th  o f an obse rvab le  p ro ­
te c tiv e  f i lm  a t such lo w  c u r re n t d e n s it ie s , bo th  suggest 
th a t a th in  f i lm  o f a p p ro x im a te ly  constan t th ickn e ss  is  
p re se n t on the cathode o v e r th is  p o te n tia l range . Because 
a cathode re a c tio n  is  s t i l l  o c c u r r in g , e ith e r  the f i lm  is  in  
dyn am ic  e q u il ib r iu m , d is s o lv in g  at its  su rfa ce  and re fo rm  -  
.in g  a t the s te e l in te r fa c e , o r  a l im ite d  re a c tio n  is  o c c u r r in g  
through the f i lm .  Reference to the P o u rb a ix  d ia g ra m  
(F ig u re  1, In tro d u c tio n ) shows th a t the th e rm o d y n a m ic a lly
s tab le  fo rm  o f C r ( I I I )  in  w a te r  a t the pH and p o te n tia l range
*H*+o f the e le c tro ly te , is  the  so lub le  C r  ion .
> The pass ive  f i lm  be lie ved  to  be fo rm e d  is  p ro b a b ly  s im i la r  
in  th ickn e ss  to  the  pass ive  f i lm s  obta ined on s te e l when im ­
m e rse d  in  an in h ib it in g  ch ro m a te  so lu tio n .
A n  in te re s t in g , but so fa r  unexp la ined , fe a tu re  com m on 
to  m any o f the cu rve s  was a s lig h t in c re a se  in  c u r re n t  a t 
ca. -450 m V  (v . S .C .E . ) ,  w h ich  im m e d ia te ly  re v e rte d  to  
the o r ig in a l le v e l a t fu r th e r  in c re a se  in  p o te n tia l.
S ection  I I I  T h is  sec tio n  re p re s e n ts  a second cathode r e ­
a c tio n  ta k in g  p lace . V is ib le  gas e vo lu tio n  c o n firm s  th a t 
th is  is  the re d u c tio n  o f hydrogen  ions:
2H+ + 2e — H 2
T h is  re a c tio n  shows the n o rm a l T a fe l lo g a r ith m ic  in c re a s e  
in  c u r re n t d e n s ity  w ith  in c re a s in g  o v e rp o te n tia l.
Section  IV  A t p o te n tia ls  betw een -800 and -900 m V  
(v . S. C .E . )  a second p a ss iva tio n  e ffe c t o ccu rs  w h ich  
l im i t s ,  o r  even reduces , the ra te  o f in c re a se  o f cathode 
c u r re n t.  S ince i t  is  a t c u r re n t d e n s itie s  beyond th is  p o in t 
th a t v is ib le  f i lm s  a re  fo rm e d , th is  p a ss iva tio n  e ffe c t can 
co n fid e n tly  be a ttr ib u te d  to  the s ta r t  o f the g ro w th  o f the 
"c h ro m a te '1 f i lm ,  i .  e. a f i lm  o f a d if fe re n t n a tu re  fro m  
the p a ss iva tin g  f i lm  o f Section I I .  The C r(V I)  —>  C r ( I I I )  
re d u c tio n  re a c tio n  s t i l l  con tinues , p o s s ib ly  a t a h ig h e r 
ra te  than the p a ss iva tio n  c u r re n t o f Section I I  w ou ld  in ­
d ic a te ,  because o f p h y s ic a l d is ru p tio n  o f the f i lm  by 
hyd rogen  e vo lu tio n . The new , m o re  ro b u s t f i lm  is  fo rm e d  
as a re s u lt -o f  the s o lu b il i ty  p ro d u c t o f C r(O H )g be ing  
reached  due to  the in c re a se  in  pH a t the  e le c tro d e  s u r ­
face* C o -p re c ip ita t io n  o f Ba C rO ^ , no t fo rm e d  by an 
e le c tro d e  re d u c tio n  p ro c e s s , m ig h t a lso  be expected to  
o c c u r a t th is  s tage. The fo rm a tio n  o f C r ( I I I )  m u s t ne ce ­
s s a r i ly  o c c u r a t a c u rre n t-c o n d u c tin g  su rfa ce  o f the 
e le c tro d e  in  o rd e r  th a t the e le c tro n  t ra n s fe r  m a y  take  
p la ce , bu t p re c ip ita t io n  o f Ba C rO ^  does no t s p e c if ic a l ly  
re q u ire  a s u rfa c e , o n ly  an in c re a se  in  pH.
Section V F urther in crea se  of the electrod e potential
leads  to  re su m p tio n  o f n o rm a l T a fe l k in e t ic s . The p re -
/
do m ina n t re a c tio n  re m a in s  the re d u c tio n  o f hydrogen  io n s ,
+++
and th is  is  accom panied by C r(V I)  re d u c tio n  to  fo rm  C r  
ions  and an in so lu b le  f i lm .  C ontinued T a fe l k in e t ic s  in ­
d ica te s  th a t the f i lm  is  e ith e r  a porous e le c t r ic a l  ^ in s u la to r 
( c . f .  anodised f i lm s  on a lu m in iu m ) o r  an e le c t r ic a l con­
d u c to r. I f  i t  is  a po o r e le c t r ic a l conducto r an IR  p o te n tia l 
is  included in the observed potential, and the true electrode 
p o te n tia l w ou ld  be a p p ro p r ia te ly  le s s  than th a t re c o rd e d , as 
i l lu s tra te d  in  F ig u re  4. 7.
F ig u re  4. 7 
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E le c tro ly te
P o o r conducting f i lm
C o n firm a tio n  o f th is  o v e ra ll b e h a v io u r was p ro v id e d  b y  an 
e x p e rim e n t c a r r ie d  out a t a la te r  stage (P a r t  7), in  w h ich  the po ten ­
t ia l  d r iv e  was re v e rs e d  on com p le tio n  o f a ru n . The ca thode, a t
th is  stage possess ing  a p e rm anen t ch rom a te  f i lm ,  showed a l in e a r  
f a l l  in  lo g  i  w ith  d e c re a s in g  o v e rp o te n tia l. T h is  cu rve  was p re ­
d o m in a n tly  due to  the hydrogen  e vo lu tio n  re a c tio n , and the steps 
p re v io u s ly  a ttr ib u te d  to  f i lm  g ro w th  w e re  absent.
E ffe c t o f P re tre a tm e n t
A p p re c ia b le  d iffe re n c e s  a re  shown between the p o la r is a t io n  
cu rve s  fo r  s te e l w h ich  has re ce ive d  the d if fe re n t p re tre a tm e n ts , 
a lthough  fo r  the f in a l Stage V , w here  the ch rom a te  f i lm  is  fo rm e d , 
the cu rve s  can be sup erim posed  w ith  reasonab le  a g reem en t.
,/
D iffe re n c e s  in  Sections I  and I I  a re  l ik e ly  to  be the re s u lt  
o f su rfa ce  d if fe re n c e s , such as the p resence  o f an a ir - fo rm e d  
oxide  f i lm  (c . f .  w o rk  o f B ra s h e r  ^ 3 )  on the g ro w th  o f pass ive  
f i lm s  w ith  and w ith o u t a ir - fo rm e d  f i lm s ) ,  and su rfa ce  roiughness 
and a rea  e ffe c ts  w h ich  w ould  c o n tro l the e ffe c tive n e ss  o f a p ass ive  
f i lm  and thus the l im it in g  c u rre n t reached . The p o la r is a t io n  cu rve s  
fo r  abraded spec im ens d id  no t show Sections I  and I I .  T h is  m a y  
have been due to  the spontaneous g ro w th  o f an adequate p a ss iva tin g  
f i lm  d u r in g  the in te rv a l o f s e v e ra l m in u te s  betw een f i l l in g  the  c e ll  
w ith  e le c t ro ly te  and s ta r t in g  the p o la r is a t io n  ru n .
The im p o r ta n t d iffe re n c e s  in  the c u rv e s , as fa r  as the 
ch ro m a te  f i lm - fo r m in g  re a c tio n  is  concerned , a re  the c u r re n t 
d e n s itie s  and p o te n tia ls  a t w h ich  f i lm  g ro w th  s ta r ts ,  i . e .  S ection  IV .
One s e r ie s  o f te s ts  (F ig u re s  4. 4 C and 4. 5 D ), co m p a rin g  runs 
on n i t r ic  ac id  and h y d ro c h lo r ic  a c id -c le a n e d  s te e l, i l lu s t ra te s  
th is  po in t. (The p o o r re p ro d u c ib il ity  o f m any o f the o th e r re s u lts  
m a y , in  the l ig h t  o f the w o rk  d e sc rib e d  in  P a r t  7, be a ttr ib u te d  
to  the a cc id e n ta l p resence  o f u n c o n tro lle d  low  co n ce n tra tio n s  o f 
ex traneous ions  a r is in g ,  fo r  exam p le , f ro m  d iffe re n c e s  in  the 
tho roughness o f r in s in g s ) . The f i lm - fo rm in g  re a c tio n  stage 
(Stage IV )  is  shown to  o c c u r at a m uch  lo w e r  c u r re n t d e n s ity  fo r  
the  h y d ro c h lo r ic  a c id -c le a n e d  s te e l than fo r  the n i t r ic  a c id -c le a n e d  
s te e l. T h is  is  in  accordance  w ith  the observed  g re a te r  f i lm -  
fo rm in g  e ff ic ie n c y  o f h y d ro c h lo r ic  a c id -c le a n e d  s te e l as co m ­
pa red  w ith  n i t r ic  a c id -c le a n e d  s te e l.
^The s ig n ific a n c e  o f th is  e ffe c t is  d iscussed  fu r th e r  in  .
P a r t  7.
E ffe c t o f D if fe re n t  Cathode M e ta l S ubstra tes
The cu rve s  obta ined fo r  a copper cathode (F ig u re  4. 6 H) 
show the sam e fe a tu re s  as those fo r  s te e l, w ith  the m a jo r  d i f ­
fe re n ce  th a t the p a ss iva tin g  f i lm  p re se n t d u r in g  Section I I  shows 
a n u m b e r o f  b reakdow ns fo llo w e d  by f i lm  re p a ir .
Z in c , w h ich  re a d ily  fo rm s  ch ro m a te  co n ve rs io n  coa tings  
w ith o u t e le c t ro ly s is ,  shows the in i t ia l  pass ive  f i lm  fo rm a tio n  con­
tin u in g  in to  the p o te n tia l re g io n  w he re  the h e a v ie r  f i lm  g ro w th
o c c u rs , th is  be ing  a t a v e ry  m uch  lo w e r  c u r re n t d e n s ity  than is  
re q u ire d  fo r  in it ia t io n  o f ch rom a te  f i lm  g ro w th  on s te e l.
P la tin u m  fo i l  appeared to  show the in i t ia l  in h ib it in g  e ffe c t, 
fo llo w e d  by  a pronounced l in e a r  T a fe l p lo t fo r  the hyd rogen  r e ­
du c tio n  re a c tio n  (S ection  I I I )  and continued T a fe l k in e t ic s  a t a 
lo w e r  ra te . T h is  m u s t be a ttr ib u te d  to  som e in h ib it io n  by a th in  
f i lm ,  s ince  g ro w th  o f a th ic k  f i lm ,  as on the m o re  a c tiv e  m e ta ls , 
was no t observed .
CONCLUSIONS .
The ca thod ic  p o la r is a t io n  s tud ies  p ro v id e  some e xp lan a tion  
o f the o b se rva tio n s  m ade in  e a r l ie r  p a r ts  o f the  w o rk , and the_ 
fo llo w in g  m a in , conc lus ions  can, be reached .
1. C athod ic re d u c tio n  o f C r(V I)  bn s te e l, in  the p o te n tia l 
range  +700 m V  to -900 m V  (v . S. C . E . ) can o c c u r o n ly  a t a v e ry  
lo w  ra te . A n  in v is ib le  p a ss iva tin g  f i lm  is  fo rm e d , l im i t in g  the 
ra te  o f re a c tio n .
2. P a s s iv a tio n  b e h a v io u r o ccu rs  independen tly  o f the type  o f
p re tre a tm e n t used p r io r  to  ca thod ic  p o la r is a t io n  in  the A C B  
e le c tro ly te .
3. A t h ig h e r (m o re  nega tive ) p o te n tia ls  and a t h ig h e r c u r re n t
d e n s itie s , Mch rom a teMf i lm  fo rm a tio n  is  shown by a b re a k  in  the
c o n tin u ity  o f the p o la r is a t io n  cu rve  fo r  the hydrogen  e vo lu tio n  
re a c tio n .
4. The c u r re n t d e n s ity  (and e le c tro d e  p o te n tia l) a t w h ich  
"c h ro m a te 11 f i lm  fo rm a tio n  s ta r ts  is  s tro n g ly  dependent on the 
p re tre a tm e n t o f the s te e l. S tee l s u rfa c e s , cleaned w ith o u t an 
ac id  tre a tm e n t, o r  w ith  a n i t r ic  ac id  d ip , re q u ire d  h ig h e r c u r ­
re n t d e n s itie s  than su rfa ce s  w h ich  had been p re tre a te d  by h y d ro ­
c h lo r ic  o r  s u lp h u r ic  ac id  d ip .
5. S im ila r  p o la r is a t io n  c h a ra c te r is t ic s  a re  observed  on 
coppe r, bu t the  in i t ia l  " in v is ib le "  p a ss iva tio n  f i lm  is  le s s  s tro n g  
and coheren t.
P A R T  5
N A T U R E  AND PR O P E R TIE S  O F A C B  C HR O M ATE 
F IL M S  ON S T E E L
In tro d u c tio n
1. G e n e ra l A ppearance
2. C h e m is try  and A n a ly s is
3. D e n s ity  and R e fra c tiv e  Index
4. X - r a y  D if f ra c t io n  Studies
5. - T h ickn e ss  M e asu re m en ts  and C h ro m iu m  ( I I I )
M easu rem en ts  •
6. A n o d ic  O x id a tion  P o te n tia ls
7. E ffe c ts  o f H eat on A C B  C hrom ate  F i lm
C onc lus ions
P A R T  5 N A TU R E  AND P R O P E R TIE S  OF A C B  
C H R O M ATE F IL M S  ON S T E E L '
IN TR O D U C T IO N
A lth o u g h  a s y s te m a tic  s tudy o f the ch e m ica l and p h y s ic a l 
n a tu re  and p ro p e r t ie s  was no t a ttem p ted , a v a r ie ty  o f c h e m ic a l, 
e le c tro -c h e m ic a l and p h y s ic a l e xp e rim e n ts  and exam in a tio ns  w e re  
m ade on the A C B  ch rom a te  f i lm s  in  o rd e r  the th ro w  l ig h t  on the 
p o ss ib le  c h e m ic a l co m p o s itio n  o f the f i lm  m a te r ia l,  and i ts  p h y s i­
c a l s ta te .
T h is  w o rk  co m p rise d  a n u m be r o f in d iv id u a l e x p e rim e n ts  
w h ic h  to g e th e r gave a f a i r ly  com prehens ive  p ic tu re  o f the n a tu re  
o f the ch rom a te  f i lm s .  The w o rk  is  co n ve n ie n tly .d iv id e d  in to  the 
fo llo w in g  se c tio ns .
(1) G e n e ra l appearance, in c lu d in g  exam in a tio n  by an 
e le c tro n  scanning m ic ro s c o p e .
(2) . C h e m is try , in c lu d in g  c h e m ica l a n a lys is  fo r  b a r iu m .
(3) D e n s ity  and re fra c t iv e  index m e a su re m e n ts .
(4) X - r a y  d if f ra c t io n  s tu d ies .
(5) . T h ickn ess  m easurem e n ts  and c h ro m iu m  ( I I I )  con ­
te n t m e a su re m e n ts .
(6) A n o d ic  o x id a tio n  p o te n tia ls .
(7) E ffe c ts  o f heat on the ch ro m a te  f i lm .
(1) GENERAL APPEARANCE
The f i lm s  as fo rm e d  on s te e l a re  tra n s p a re n t to  lijgh t and 
e x h ib it in te r fe re n c e  t in ts  a cco rd in g  to  th e ir  th ickn ess  and to  the 
angle o f v ie w . T h in  co a tings , i .  e. those show ing f i r s t - o r d e r  in t e r ­
fe re n ce  t in ts ,  show no in t r in s ic  c o lo u r in g , but th ic k e r  co a tin g s , 
i . e .  those show ing se co nd -, th i r d -  and fo u r th -o rd e r  in te r fe re n c e  
t in ts ,  show a p ro g re s s iv e ly  s tro n g e r y e llo w -b ro w n  c o lo u r in g  s u p e r­
im posed  o v e r the in te r fe re n c e  c o lo u rs . T h is  c o lo u r is  rem oved  by 
p ro longed  im m e rs io n  in  w a te r  o r  sod ium  h yd ro x id e  s o lu tio n , and 
is  darkened by exposure  to  heat (200°C ).
The ch rom a te  f i lm  could be scraped  o ff  h e a v ily -c o a te d  
sm ooth  s te e l pane ls . The re s u lta n t pow der was no lo n g e r t ra n s -
s ' .
p a re n t, bu t an opaque d a rk  b row n .
E x a m in a tio n  o f the ch rom a te  f i lm  on s te e l w ith  an o p tic a l 
m ic ro s c o p e  fa ile d  to  re v e a l any su rfa ce  s tru c tu re . On bends and 
n e a r cu t edges, fin e  c ra z in g  was observed  on the ch rom a te  f i lm  
su rfa ce .
E xa m p le s  o f  l ig h t  and heavy coa tings on s te e l w e re  exam ined  
by an e le c tro n  scanning m ic ro s c o p e , and som e photographs a t 
1500 x m a g n ific a tio n  a re  shown in  F ig u re s  5 .1  and 5. 2. The s u r ­
face can be seen to be g e n e ra lly  sm oo th , a lthough  indented by 
re g u la r  c ra cks  (p o s s ib ly  bend dam age) and a few  random  p its  and
F ig u re  5. 1 L ig h t A C B  coating on s tee l (x 1500)
F ig u re  5. 2 H eavy A C B  coating on s tee l (x 1500)
c ra c k s  (F ig u re  5 .1 ) , and by po res and by a la rg e r  ho le  (F ig u re  5. 2) 
w h ich  is  p ro b a b ly  due to  su rfa ce  dam age. The photographs show no 
s igns o f p la n e - fra c tu re  faces and g ra in  s tru c tu re ,  such as would be 
expected fro m  a c ry s ta ll in e  m a te r ia l.
(2) C H E M IS TR Y  AND A N ALYSIS
O b se rva tion s  w e re  m ade o f the e ffe c ts  o f s im p le  la b o ra to ry  
reagen ts  on the  ch rom a te  f i lm  o f A C B  tre a te d  s te e l. The fo llo w in g  
p ro p e r t ie s  w e re  observed .
The f i lm  is
( i)  in s o lu b le  in  w a te r . Some lea ch ing  out o f C rO ^
o c c u rs .
( i i )  re a d ily  so lub le  in  d ilu te  m in e ra l ac ids
( i i i )  in s o lu b le  in  d ilu te  NaOH so lu tio n  (2N ); C rO ^  is
s lo w ly  leached out
( iv )  so lub le  in  a lk a lin e  hydrogen pe rox ide  s o lu tio n
(v) darkened on heating  to  200 -  250°C
(v i)  A f te r  heating  to  200°C , the f i lm  is  no lo n g e r
so lub le  in  m in e ra l ac ids  
( v i i )  B o th  the fre s h ly -p re p a re d  and the heated f i lm s  a re
p a r t ia l ly  d isso lve d  by anodic o x id a tio n  in  NaOH 
so lu tio n .
The fo llo w in g  q u a lita tiv e  a n a ly t ic a l techn iques w e re  used 
to  te s t fo r  the presence  o f b a r iu m  in  the ch ro m a te  f i lm :
( i)  The ch rom a te  f i lm  was d isso lve d  fro m  the s te e l
su rfa ce  in  HC1, and d ilu te  H^SO^ so lu tio n  added.
R esu lt: No b a r iu m  su lphate  was p re c ip ita te d  even 
on s tand ing  o v e rn ig h t.
( i i )  C h rom a te  f i lm s  on s te e l, and the powdered c h ro ­
m ate  f i lm  scraped  o ff  coated s te e l, w e re  exam ined 
by  e m is s io n  s p e c tro g ra p h ic  a n a lys is .
R esu lt: C h ro m iu m  lin e s  w e re  p re se n t, bu t b a r iu m  
lin e s  w ere  absent.
( i i i )  A  pow dered sam p le  o f A C B  ch rom a te  f i lm  was exam ined 
by a to m ic  a b so rp tio n  spec tro scop y .
R esu lt: B a r iu m  was absent, i .  e .*<  0. 2% (w /w ) .
( iv )  X - r a y  a n a lys is  (d e sc rib e d  m o re  fu l ly  in  S ection  (4) 
be low ) was m ade.
R esu lt: B a r iu m  ch rom a te  d if f ra c t io n  lin e s  w e re  
no t de tected .
(3) D E N S IT Y  AND .R E F R A C T IV E  IN D E X
D ire c t  w e igh ing  o f ch rom a te  f i lm  coa tings was ju s t  p o ss ib le  
on the h e a v ie r co a tings . The coa ting  w e ig h t, d iv id e d  by the th ic k ­
ness, p ro v id e d  a m easure  o f the d e n s ity  w h ich  could be com pared
w ith  th a t o f known c h ro m iu m  com pounds. The th ic kn e ss  was 
e s tim a te d  f ro m  the in te r fe re n c e  c o lo u r , w h ich  re q u ire d  a know ­
ledge o f the re fra c t iv e  index o f the coa ting .
C oating w e ig h ts  w e re  m easured  us in g  h e a v ily -c h ro m a te d  
th in  sm ooth  s te e l panels (to  ob ta in  m a x im u m  w e igh ing  s e n s it iv ity  
and to  reduce the e ffe c t o f roughness on a rea  e s tim a tio n s ). The 
panels w e re  w eighed b e fo re  and a fte r  d is s o lv in g  the coa ting  in  
a n tim o n y  tr io x id e - in h ib ite d  h y d ro c h lo r ic  a c id , us in g  the B r i t is h
S tandard m ethod sp e c ifie d  fo r  m e a su rin g  phosphate coa ting
(37)w e igh ts  . The w e ig h t lo s s  o f a s im i la r  a rea  o f u nch rom a ted  
s te e l was su b tra c te d  fro m  the va lues obta ined fo r  the ch rom a ted  
s te e l sam p les .
Because o f the p ra c t ic a l d if f ic u lt y  o f re m o v in g  the ch ro m a te  
f i lm  f ro m  the s te e l su rfa c e , the re fra c t iv e  index had to  be m e a su re d  
on the f i lm  in  s i tu . /  T h is  could be ach ieved by p la c in g  the sam p le  
in  a l iq u id  hav ing  a h ig h e r re fra c t iv e  index  than the f i lm  and 
m e a s u rin g  the c r i t ic a l  angle o f in c id e nce . H ow eve r, co n d itio n s  
o f to ta l in te rn a l re fle c ta n c e  a t the l iq u id  -  ch rom a te  f i lm j b ounda ry  
could n o t be ach ieved in  1 -b rom onaph tha lene  1. 66), n o r  in  d i -  
iodom ethane (yU-= 1. 736) u s ing  the v ie w in g  a rra n g e m e n ts  shown in  
F ig u re  5. 3.
Figure 5. 3
A rra n g e m e n t fo r  a tte m p tin g  to  ach ieve cond ition s  o f to ta l in te rn a l 
re fle c ta n ce  at su rfa ce  o f ch rom a te  f i lm
c ir c u la r  d ish in c id e n t l ig h t
s te e l w ith  
f i lm re fle c te d
S urface  appears 
n o rm a l i f  i <  c r i ­
t ic a l  angle^ and 
2 v is ib le ;  appears 
s i lv e r y  i f  i  > c r i ­
t ic a l  angle, T^ o n ly  
v is ib le
l ig h t
Thus a m e a su re m e n t o f the re fra c t iv e  index cou ld  no t be 
ob ta ined , a lthough  the re s u lt  showed th a t the re fra c t iv e  indexyU,, 
o f the f i lm  was g re a te r  than th a t o f the te s t l iq u id s , i . - e y 6 0 ' l .  736.
The re fra c t iv e  index o f anhydrous is  quoted as 2 .5 .
I t  is  l ik e ly  th a t the hyd ra ted  fo rm s , assum ed to  be the b u lk  con ­
s titu e n t o f the f i lm ,  have lo w e r re fra c t iv e  in d ic e s , and consequen tly  
the re fra c t iv e  index m u s t l ie  between the l im i t s  1. 74 and 2. 5. A  
m ean va lue  o f 2 . 0  has been assum ed fo r  use in  c a lc u la tio n s .
/
The re s u lts  o f coa ting  w e igh t m easurem en ts  and th ickn e ss  e s t i­
m a tes  a re  g iven  in  T a b le  5 .1 . These re s u lts  in d ica te  a m ean d e n s ity  
o f 2 . 6 6  g /c m  ; b e a rin g  in  m ind  the po ss ib le  range o f re fra c t iv e  index 
and re s u lta n t th ickn e ss  e s tim a te s  fo r  the f i lm ,  the d e n s ity  th e re fo re  l ie s
o
betw een the e x tre m e s  2. 3 -  3. 3 g /c m  . T h is  co n tra s ts  w ith  the  va lue  o f
5. 21 g /c m ^  g iven  fo r  anhydrous c h ro m ic  ox ide . M e asu re m en ts  o f the
s p e c if ic  g ra v ity  o f la b o ra to ry  reagen t c h ro m iu m  h yd ro x id e  pow der u s in g
3a s p e c if ic  g ra v ity  b o ttle  techn ique gave a va lue  o f 2 .17  g /c m  in  w a te r .
T ab le  5 .1
D ir e c t  C oating W e igh t M easurem en ts  and F i lm  T h ickn ess  E s tim a te s
Sam ple A B C D E F
G ro ss  w t. lo s s , m g 2.360 2 .648 1.852 1. 300 1. 706 21. 5
W t. lo s s  o f u n tre a te d  
pane l, m g 0.699  ± 0 .033 2 . 8
N et w t. lo s s  i . e .  coating 
w e ig h t, m g • 1 .661 1 .949
!
1 .153 0.601 1.007 18. 7
A re a , cm ^ 23. 7 23 .7 23. 7 23 .7 23. 7 145
2C oating  w t. m g /c m 70 85 49 2 5 .4 42. 5 129
C o lo u r* 8 9 5-6 1 3 -4 1 2
C a lcu la ted  th ic k n e s s , 
nm 290 300 2 0 0 1 0 0 135 520
3
D e n s ity  g /c m 2.41 2 .83 2 .45 2. 54 3 .15 2. 48
*  C o lo u r sca le  -  see T ab le  5 .3  
M ean va lue  o f d e n s ity  = 2. 6 6  g /c m ^
(4) X -R A Y  D IF F R A C T IO N  STUDIES
X - r a y  pow der photographs w e re  made o f powdered sam ples
o f ch rom a te  f i lm s  p re pa re d  bn s te e l by p ro longed  (5 m in ) ca thod ic
2tre a tm e n t a t 200 m A /c m  , in  A C B  e le c tro ly te . P ho tog raphs w e re  
made both on the a s -p re p a re d  sam ple  and on a sam ple  o f pow der 
w h ich  had been heated to  500°C .
The pow der photographs w ere  m ade us ing  the ra d ia t io n  f ro m
i/ °a c h ro m iu m  ta rg e t o f wave leng th  2. 285 A . ( In i t ia l  a tte m p ts  
us in g  an X - r a y  tube w ith  a coba lt ta rg e t p roved  u n su cce ss fu l, due 
to  the heavy flu o resce n ce  induced by th is  ra d ia tio n  on c h ro m iu m  
com pounds).
The photographs a re  shown in  F ig u re  5 .4 . The f i r s t  photo ­
g ra p h  is  fro m  the unheated sam p le , and the second is  f ro m  the 
h e a t- tre a te d  sam p le . The th ird  and fo u r th  photographs a re  the 
sam e as the  f i r s t  and second re s p e c t iv e ly , but the ra d ia t io n  was 
passed th ro u g h  a m anganese f i l t e r  to  f i l t e r  oufcthe c h ro m iu m  K p  
ra d ia t io n  w h ich  m ig h t o th e rw ise  in tro d u c e  con fus ing  a d d it io n a l 
d if f ra c t io n  lin e s .
The d ia m e te rs  o f the d if f ra c t io n  r in g s  w e re  m ea sure d  and 
converted  to  2 0  va lues  ( 0  = angle o f re f le c t io n ) , and these in  tu rn  
w e re  converted  to  'd ' spacing  va lu e s . The *dr va lues  w e re  re c o rd e d  
to g e th e r w ith  a v is u a l e s tim a te  o f the re la t iv e  in te n s it ie s  o f the lin e s
1 / 2  3 4
1, 3 unheated powder
2, 4 heat tre a te d  pow der
1 , 2  no f i l t e r  used
3, 4 w ith  m anganese f i l t e r
F ig u re  5. 4 X - r a y  powder photographs of n o rm a l and 
heat tre a te d  A C B  f i lm
T h e y  w e re  then com pared  w ith  the pub lished  d if f ra c t io n  lin e  'd ' 
spacings and re la t iv e  in te n s it ie s  o f a l l  the compounds w h ich  m ig h t 
be expected to be p re se n t in  the pow der. The m easured  fd 1 spa c­
ings  and re la t iv e  in te n s it ie s  ( in  pa ren theses) a re  g iven in  T ab le  5. 2 
to g e th e r w ith  the pub lished  va lues fo r  p o ss ib le  f i lm ,  co n s titu e n t s.
A l l  the lin e s  lis te d  appeared on the photograph  o f the heated sam p le , 
but o n ly  the rin g e d  re s u lts  (2. 02 and 1 .169  %) appeared on th a t f ro m  
the u n tre a te d  sam p les .
The th re e  s tro n g e s t lin e s  o f the fo llo w in g  com pounds w e re  
a lso  sought, but could no t be m atched by the observed  d if f ra c t io n  
lin e s :
C r(O H )g , y - C ^ O g ,  B a C ^ O ^
F e (II)  C r 2 0 4, (C rF e )2 O s, FeO , -FeO (O H )
7 -F e O (O H ), <* -F e 2 0 3 H 2 0 ,  p - F e 2 0 3 H 2 0 ,  y - F e 2 0 g .H 20
L in e s  co rre sp o n d in g  to  som e - bu t not a l l  -  the lin e s  o f the fo llo w in g  
w e re  n o te d :-
C r(m e ta l) ,  C rO , C r C ^  C rO g , C ^ O g ,  C r 3 Og, C rgO ^
/
S
(These com pounds share  a n u m b e r o f c lo s e ly - s im i la r  l in e s ) .
Table 5. 2
X - r a y  d if f ra c t io n  re s u lts ,  and co m p a riso n  w ith  pub lished data on
p o ss ib le  f i lm  cons tituen ts
A C B  f i lm d spacings (A ) and o rd e r  o f in te n s ity  (1 s tro n g e s t)
dn  a I oC“ d r S - C ubicyJ , (J
A  (± A  x 1 - 1 0 Fe F e 2 °3 F e 2 °3 F e 3<-)4 C r 2 ° 3 C r BaC rC >4
1 0 0 ) O xide
3. 92(± 5 f) 1
3. 56(± 4 f) 4 [3 .6 3 J 3 .5 2 (2 )
2. 90(± 2 f) 1 [2 .9 7 (3 j f2 .9 5 (3 j § .1 7 ( l j l
2 . 6 6 (± 2 ) 6 2 .69 (1 ) 2 .67 (1 ) {2. 77 J
2 . 52(± 2 ) l i 2 .5 1 (2 ) 2 .5 3 (3 ) 2 .53 (1 ) 2. 52(1)
2 . 46(±.2) 5 2 .4 8 (2 )
2. 38(F 2) 1
2 . 2 2 (± I f ) i i
2 . 16(+ I f ) 5 2 .19 (1 ) 2 .176 2 .1 7 (3 )
\2. 0 2 *  1 8 2 . 0 2 ( 1 ) 2 .1 5
1. 84(± 1)
1 . 82 2 1.816
1 .69 1 0 • 1 .69 (3 ) 1 .6 9 (2 )
lin e 1 1 .6 7 (3 )
lin e i f
1 .48 2 1 .48 (2 ) 1 .4 8 (2 )
1 .46 3 1 .465
1 .43 1 0 1. 43(3) 1 .43
1.297 2 1. 296
1 .290 1
1. 237 1 1.239
1 .209 1 1 . 21
1 .194 1
1 .1 6 9 * 1 0 1 .17 (2 ) 1 .173
re fe re n c e (38) a b c d e f g
*  unheated sam ple
B ra cke te d  re s u lts  e .g . \3 .  63 j a re  lin e s  no t found on the sam p le  
R e fe rence  A .S .T .M .  X - r a y  P ow der D ata  F i le  (and Index) (38)
C ard  n u m b e r (a) 6-0696 (e) 6-0504
(b) 6-0502 ( f)  6-0532
(c) 2-1165 (g) 15-376
(d) 7-322
D is c u s s io n  and C onc lus ions
(1) N o rm a l Unheated F i lm  M a te r ia l
A p a r t  fro m  the iro n  l in e s , no p o s it iv e  in d ic a tio n  o f the 
co m p o s itio n  o f the f i lm  was ob ta ined. The absence o f o th e r lin e s  
in d ic a te s  th a t the A C B  f i lm  is  a n o n -c ry s ta ll in e  m a te r ia l.  T h is  
o b se rva tio n  w ould  be expected fro m  a f i lm  co n s is tin g  la rg e ly  o f 
hyd ra ted  c h ro m ic  oxide ( "c h ro m iu m  h y d ro x id e ") , w h ich  is  re p o rte d  
as show ing no X - r a y  c ry s ta llo g ra p h ic  s tru c tu re  ^ ^ ) .  B a r iu m  
ch ro m a te , i f  p re se n t, is  e ith e r  in  a s im i la r  n o n -c ry s ta ll in e  s ta te , 
e .g . u n ifo rm ly  d is tr ib u te d  in  the c h ro m iu m  h y d ro x id e , o r  p re se n t 
a t too lo w  a co n ce n tra tio n  to  be de tected .
( i i )  Heated F i lm  M a te r ia l
A p a r t fro m  the continued p resence  o f iro n  and assoc ia te d  
i ro n  o x id es , the p resence  o f anhydrous CrgOg is  w e ll e s ta b lish e d  
by the p resence  o f a l l  the m a jo r  d if f ra c t io n  lin e s  o f the com pound.
A lthough  som e lin e s  co rrespon d  to  those o f Ba C rO ^ , the 
s tro n g e s t lin e  o f B a C rO ^  (3 .17  51) is  c le a r ly  absent, w h ich  in d i­
cates th a t the o th e r lin e s  m u st.be  a ttr ib u te d  to  som e o th e r, u n ­
id e n tif ie d , com pounds. These , and a n u m b e r o f o th e r re co rd e d  
d if f ra c t io n  l in e s , re m a in  unaccounted fo r .
I t  is  concluded th a t the m a jo r  co n s titu e n t o f A C B  f i lm s  is  
a n o n -c ry s ta ll in e  fo rm  o f hyd ra ted  c h ro m ic  oxide w h ich  on heating  
to  500°C  is  converted  to  the c ry s ta ll in e  anhydrous c h ro m ic  ox ide . 
O th e r undocum ented and p o o r ly -c h a ra c te r is e d  compounds a re  a lso  
p re se n t. These m ay  in c lu d e  m ixed  o r  n o n -s to ic h io m e tr ic  ox ides 
o f t r i -  and h e x a -va le n t ch ro m iu m . B a r iu m  ch rom a te  is  not p re se n t 
as a m a jo r  co n s titu e n t o f the f i lm .
(5) ’ TH ICKNESS M EASU R E M E N TS AND C HR O M IUM  ( I I I )
M EASU R E M E N TS
The re la t iv e  th ickn e ss  o f A C B  (and o th e r) ch ro m a te  f i lm s  
was assessed by the constan t c u r re n t anod ic o x id a tio n  m ethod de s ­
c r ib e d  e a r l ie r  (P a r t  1). The th ickn e ss  o f f i lm s  was a lso  assessed 
fro m  the in te r fe re n c e  t in ts  exh ib ite d  when v iew ed u n d e r s tanda rd  
co n d itio n s . F o r  p ra c t ic a l conven ience, the d is tin g u is h a b le  c o lo u rs  
w e re  num bered  in  o rd e r  o f in c re a s in g  th ic k n e s s , and as d e sc rib e d  
in  P a r t  5. 3, these th ickn e ss  va lues  can be converted  to  a tru e  th ic k ­
ness i f  the re fra c t iv e  index  o f the f i lm  is  known. I f  the re fra c t iv e  
index  is  ^ A ,th e  c o lo u r is  re la te d  to  the l ig h t  p a th -d iffe re n c e , and 
hence the th ickn e ss  ( t) ,  b y  the e x p re s s io n s :-
n X  = 2y t lt  cos 0 fo r  re in fo rc e m e n t,
( n + f ) A  = 2f d t  cos Q fo r  e x tin c tio n , 
fo r  l ig h t  o f w ave leng th  J \ 
w he re  0 = angle o f re f le c t io n .
When v iew ed v e r t ic a l ly ,  cos 0 = 1, and ta k in g  J j I  = 2 .0 , 
the exp re ss io n s  becom e
fo r  re in fo rc e m e n t, n ■x = 4t
'fo r  in te r fe re n c e , (n  + -|) X  = 4t n = 0, 1, 2 ............
The re s u lta n t sequence o f co lo u rs  fo r  in c re a s in g  th ic k n e s s , som e­
tim e s  re fe r re d  to  as ’N ew ton 's  c o lo u rs ',  is  tabu la ted  by H a rts h o rn e  
and S tu a rt and used in  T ab le  5. 3 to  c o rre la te  the observed  
c o lo u rs  w ith  es tim a te d  th ickn e ss .
In  p ra c tic e  the c o lo u r  o f a panel could be " re a d "  by s ta r t in g  
fro m  the re co g n isa b le  " th in "  c o lo u rs  in  a p o o r ly  coated p a r t (e .g . 
the top  edge) o f the spec im en , and counting  th ro u gh  the c o lo u r  
sequence to  the m a in  u n ifo rm  a re a . Thus d if fe re n t -o rd e r  reds  
and g re e n s , fo r  exam ple , could be d is tin g u ish e d .
Evans d e s c rib e s  the c o r re la t io n  o f f i lm  th ic k n e s s  and 
in te r fe re n c e  co lo u rs  obta ined by a n u m b e r o f in v e s t ig a to rs  s tu d y ­
ing  ox ide  f i lm s  on coppe r, iro n  and n ic k e l.  T h ickn e sse s  in  these  
in s ta nce s  w e re  l im ite d  to  60 -  1 0 0  n m , p o s s ib ly  due to  the in c re a se d  
o p a c ity  o f th ic k e r  f i lm s .
R esu lts
The c o lo u r  th ickn ess  e s tim a te s  w ere  com pared  w ith  the e le c tro  
m e tr ic  " th ic k n e s s 1' e s tim a te s , and the re s u lts  a re  shown g ra p h ic a lly  
in  F ig u re  5 .5 .  L in e s  ra th e r  than p o in ts  have been d raw n  s ince  m o s t
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/spec im ens covered  a s m a ll spread o f d is tin g u ish a b le  c o lo u rs , o r  
w e re  b o rd e r lin e  between tw o c o lo u r va lues .
T a b le  5. 3
T h ickn e ss  o f C hrom ate  F i lm s  assessed fro m  In te r fe re n c e  C o lou rs
C o lo u r Scale C o lo u r
L ig h t path 
d iffe re n c e  ( 2 yMt), 
nm
F i lm  th ic k n e s s , 
nm
0 C o lo u rle s s 0 0
1 B ro w n 2 0 0 50
2 B lu e 300 75
3 S ilv e ry  B lue 500 125
4 Y e llo w 600 150
5 Red (I) 700 175
6 P u rp le  (Ind igo ) 800 2 0 0
7 T u rq u o ise 1 0 0 0 250
8 G re e n ish  Y e llo w 1 1 0 0 275
9 Red ( I I )  P in k 1250 312
1 0 .G reen 1500 375
11 Red ( I I I ) 1800 450
1 2 G reen • 2 0 0 0  { 500
I t  can be seen fro m  the g raph  in  F ig u re  5. 5 th a t the ave rage  
re la t io n s h ip  betw een the e le c tro m e tr ic  and the c o lo u r e s tim a te s  o f 
th ickn e ss  is :
1 m e C r ( I I I ) /c m ^  10 nm
A lth o ug h  th e re  is  a w ide  spread o f re s u lts ,  m o s t fe l l  w ith in  the
i
9  2l im i t s  1 m c /c m  -  7 nm  and 1 m c /c m  =  12 nm .
D is c u s s io n  ■
I t  is  c le a r  th a t, w h ils t  the e le c tro m e tr ic  m e a su rem e n ts  
o f coa ting  w e igh t show a g e ne ra l s im i la r i t y  to  coa ting  th ic k n e s s , 
the tw o a re  no t p re c is e ly  re la te d . The w ide  spread o f re s u lts  
fro m  the m ean cannot be a ttr ib u te d  to  the la c k  o f p re c is io n  in. 
u s in g  the n u m e r ic a l c o lo u r sca le  as a th ickn e ss  e s tim a te : i t  is  
m o re  l ik e ly  a ttr ib u ta b le  to  the d iffe re n c e s  in  su rfa ce  a re a  ro u gh ­
ness fa c to rs  obta ined w ith  n i t r ic  ac id  p re tre a tm e n ts , w h ich  e tch  
the s te e l, and h y d ro c h lo r ic  ac id  p re tre a tm e n ts , w h ich  do no t 
v is ib ly  e tch  the s te e l. T h is  w ide  spread  o f re s u lts  cou ld  a lso  be 
accounted fo r  i f  the e le c tro m e tr ic  m ethod gave a re s u lt  no t in  
^ d ire c t p ro p o rtio n  to  the coa ting  w e ig h t. L a te r  w o rk  (P a r t  6 ), 
u s ing  ra d io - t r a c e r  techn iques, exam ines th is  fe a tu re  m o re  c lo s e ly .
( 6 ) AN O D IC  O X ID A T IO N  P O T E N T IA L S
In  u s ing  the c o n s ta n t-c u rre n t c o u lo m e tr ic  anod ic o x id a tio n  
m ethod fo r  the e s tim a tio n  o f su rfa ce  c h ro m iu m  on e le c tro -c h ro m a te d  
s te e l pane ls , i t  was noted th a t a n u m b e r o f d if fe re n t o x id a tio n  po ten ­
t ia ls  could be d is tin g u ish e d . These could be due to  random  uncon­
t ro l le d  fa c to rs  in  the  e xp e rim e n t e .g . m in o r  d if fe re n c e s  in  a m b ien t 
te m p e ra tu re , e le c tro ly te  co n ta m in a tio n , o r  a v a r ia b le  roughness
fa c to r .  In  such a case the observed  p o te n tia ls  w ou ld  show a 
s ta t is t ic a l ly  n o rm a l d is t r ib u t io n  about a m ean. A lte rn a t iv e ly ,  
e if iw -e n o e s  in  observed  o x id a tio n  p o te n tia ls  could be due to  r e f ' 
d if fe re n c e s  in  the o x id a tio n  b e h a v io u r o f com ponents o f the  f i lm
The p o te n t ia l- t im e  cu rve s  fo r  ch ro m a te  f i lm s  com m on ly  
showed tw o , and o ften  th re e , d is t in c t  o x id a tio n  p o te n tia ls .
T y p ic a l cu rve s  a re  shown in  F ig u re  5. 6 . The shape o f the cu rve s  
was dependent on the f i lm  th ic k n e s s . T h ic k  f i lm s  in v a r ia b ly  showed 
a peak o f s h o rt d u ra tio n  fo llo w e d  by a long p e rio d  a t an a p p ro x im a te ly  
constan t, o r  s lo w ly  r is in g ,  lo w e r  p o te n tia l; a f in a l "s h o u ld e r"  v ; c 
p o te n tia l was o ften  d is tin g u is h a b le . T h in  ch ro m a te  coa tings  
on the o th e r hand, showed no o x id a tio n 1 p o te n tia ls  co rre sp o n d in g  to  
the  m a jo r  p o te n tia l o f the th ic k  co a ting s , bu t ins tead  a s e r ie s  o f 
s m a ll s teps .
The d is tin g u is h a b le  o x id a tio n  p o te n tia ls  f ro m  a la rg e  n u m b e r
■ o f-co ns ta n t-cu rre n t anod ic o x id a tio n  m e a su rem en ts  -  a l l  a t 50 yU* N !
2
n o m in a l cm  -  w e re  re co rd e d ; and fro m  these re s u lts ,  fre q u e n c y -
#
cx-r.i? Nation cu rve s  w e re  p lo tted  u s in g  20 m V  d iv is io n s . Separate  
- ,;. w e s  w e re  p lo tted  ( i)  fo r  the  p o te n tia ls  o f the peaks, ( i i )  f o r  a l l  
o th e r p o te n tia ls , and ( i i i )  fo r  a l l  re co rd e d  p o te n tia ls  to g e th e r.
R esu lts
The fre q u e n cy  d is t r ib u t io n s  fo r  the  re co rd e d  o x id a tio n  
p o te n t " 's  a re  shown in  F ig u re  5 .7 .  A l l  th re e  h is to g ra m s  show
500 m V  ( S . C . E . i
300 m V
200,
lo o  m Yi
400 m V
T
0 m V 0 m V
time
Iguro 5.6; Examples of different forms of potentlal-tlme curves 
showing range of different oxidation potentials.
'm
(a) peaks
(b) others
(c) a ll potentials (a & b)
200 400 m V
(b)
1 F
rMfcAfi'hif'T^ri'iii ii y
• 200 400 m V  0 200
C r  ( I I I )  oxidation potential at 50 j iA /c m 2 in  IN  NaOH
400 m V
Figure  5 .7 : Frequency D is tribu tion  of C r  ( I I I )  Oxidation
Potentia ls
c le a r  m axim a. The potentials -  the m ean of the 20 m V  divisions -  
of the m axim um  frequencies are  shown in Table 5 .4 .
Table 5 .4  
.Potentials of Frequency M axim a
H istogram  
Figure  5 .7
o
Potentials at 50yM,A/cm , 
m V  (S. C .E .  scale)
A (Peak potentials) 
B (O ther potentials) 
C (A ll potentials)
(50) 170 210 -  (250) 290 
50 150 210 290 
50 160 210 290
W eak m axim a in brackets -  e . g. (50)
Strong m axim a underlined -  e .g . 170
Discussion
The presence of a num ber of m axim a on the frequency/ 
potential histogram s indicates that the observed potentials a re  not 
random ly distributed about a m ean, but that a num ber of d istinct 
C r( I I I) -> *C r (V I)  oxidation potentials are involved. F o u r defin ite  
oxidation potentials are  distinguishable, nam ely 50 m V , 160 m V , 
210 m V and 290 m V  (v . S .C .E . ) .  Th is  could be explained by the 
presence of four subtly d ifferen t species of chrom ic oxide in the 
ACB chrom ate f ilm s , in addition to a fifth  non-conducting species  
not oxidised by anodic treatm ent.
These d iffe ren t form s could be d iffe ren t hydration states 
of the chrom ic oxide. Th is  view is  supported by the observation  
that the in it ia l oxidation peak (170 m V ) is often absent fro m  the 
polarisation curves of fresh ly -p rep ared  specim ens, but develops 
on drying and ageing over the f ir s t  few h o u rs .' Th is  is  fu rth e r  
borne out by the effect of heat treatm ent on the chrom ate-treated  
panels which (see below) a lte rs  the oxidation potentials, and which  
could be expected to a lte r  the c ry s ta llin ity  and degree of hydration  
of the chrom ate f ilm .
(7) E F F E C T S  O F H E A T ON ACB C H R O M A TE F IL M S
Exposure of A CB chrom ate-treated  steel to heat in the 
range 100 -  250°C  reduces the corrosion resistance as shown in  
P a rt 8. It  is possible that this is a resu lt of a change in e ith e r  
c ry s ta llin ity  ot* hydration state of the chrom ate film . A ttem pts  
w ere made to detect any such changes ( i)  by anodic oxidation, 
which has a lready been shown to detect subtle d ifferences in the 
oxidation potentials of C r ( I I I )  in the f i lm , and ( i i )  by d iffe re n tia l 
th e rm a l analysis, which would be expected to show th e rm a l effects  
corresponding to changes in c rys ta llin ity , w here they are  accom -
■ i  ■ ■ i
panied by an enthalpy change.
E xp erim en ta l and Results
( i)  Anodic Oxidation
P o ten tia l-tim e  curves, obtained by anodic oxidation at con­
stant cu rren t, w ere recorded fo r  a num ber of in it ia lly  identical
/
A CB chromated steel panels which had been exposed in an oven at 
100°C  fo r 0, 15, 30, 60 and 120 minutes respective ly . The curves  
are  reproduced in F ig u re  5 .8 . A  s im ila r  com parison wjas made * 
between chrom ate panels which had been exposed to a i r ‘at room  
tem p era tu re , and to a ir  at 200°C  fo r 30 m inutes. (Th is  la t te r  is 
typ ica l of the exposure an uncoated chromated surface would r e ­
ceive i f  exposed to the heat curing conditions required fo r some 
types of organic coatings.) Constant curren t po ten tia l/tim e  
curves are  shown in  F ig u re  5. 9, and potentio -k inetic  c u rre n t/ 
tim e  (o r c u rren t/p o ten tia l) curves are  shown in  F igure  5 .1 0 .
; The observed oxidation potentials and coulom etric  
m easurem ents of C r ( I I I )  are  given in Tab le  5. 6.
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Table  5 .6
Anodic Oxidation of N o rm al and H ea t-T rea ted  ACB Chrom ate F ilm s
Sample Heat T rea tm en t Oxidation Potentials  
(m V  vs. S . C . E . )
C r ( I I I )  
m e / cm
A None (5 days in a ir ) 180, 50 37
15 m in at 100°C 1 240, 60 37
30 m in at 100°C 240, 65 37
60 rnin at 100°C 250, 80 36
120 m in at 100°C
i
250, 150, 300 35
120 m in(+ 27 hrs  at 20°c) 360, 140 35
B None (3 days in a ir ) 160, 40 32
30 m in at 200°C 160 -  170, 120 50
None 130
(potentiostat)
27
30 m in at 200°C 160 -  180, 220 
(potentiostat)
44
30 m in at 200°C 165 -  195, 235 
(potentiostat)
51
( i i )  D iffe re n tia l T h erm a l Analysis
If ,  as is suggested, changes in the state of c ry s ta llin ity  o r  
hydration occur as a resu lt of exposure to heat, these m ight be ex­
pected to show up as th e rm a l transitions. T h e rm a l effects w ere  
looked fo r using a powdered sample of A CB chrom ate film  (scraped
fro m  a heavily-coated steel panel) and a P erk in  E lm e r  D iffe re n tia l 
Scanning C a lo rim e te r. Th is  method of th e rm a l analysis m easures  
the d ifference of heat im put to the sample and to an in e rt reference  
powder (alum ina) as the tem peratures of both samples are  s im u l­
taneously raised at a steady predeterm ined ra te . Huns w ere made 
up to tem peratures of 500°C , and comparison runs w ere  made on 
L ab o ra to ry  Reagent grade “chrom ium  hydroxide". The resu lts  a re  
shown in  Table 5 .7 .
Tab le 5. 7
Results of D iffe re n tia l T h erm a l Analysis
Sample Tem peratu re
°c
E ffec t
Powdered ACB  
chrom ate f ilm  
(d ark  brown)
30° -  410°
417°
427°
450° -  490°
No significant th e rm a l effects  
T h e rm a lly  in e rt
Sudden endotherm ic "decomposition" 
Strong e rra tic  th e rm a l effects continue 
Sample turned black  
T h e rm a lly  stable -  sample green
"Chrom ium  
hydroxide" 
Lab. Reagent 
grade (dark  
green-b lue)
30° -  414° 
414°
Sm all endotherm ic effects centred  
about 1 25°, 2 2 0°, and 250°
Stable 300° -  414°
Sudden endotherm ic "decomposition
D iscu ss io n
The anodic oxidation experim ents showed the development, 
upon heating, of c learly -ap p aren t changes in the C r ( I I I)  oxidation  
potentials of the coating. A  steady trans ition  developed on exposure 
at 100°C  from  a predom inantly 50 m V  oxidation potential fo rm  to
160 m V  and 250 m V  fo rm s. The fin a l parts of the curves shown in
o vF igure  5 .8  indicate that at 100 C, the m easured C r ( I I I )  rem ains
effective ly  unchanged. A t 250°C , the 50 m V  fo rm  changed to the
160 m V fo rm , and the to ta l m easured C r ( I I I )  increased by about
50%. The change of oxidation potential is also w e ll shown in the
c u rren t/p o te n tia l curves in F igure  5 .1 0 .
/
These changes are not apparent in  the D . T . A . resu lts , 
which suggests that changes from  one w ell-defined  hydration state 
o r crys ta lline  state to another are  not occurring , but that some 
gradual change occurs continuously. F o r  exam ple, changes of 
the type: -
C ^ O g .n  E^O -^-CrgO g (n -  1) H g O -^ C rg O g  (n -  2) H 2O 
w here n is an in teg er, do not occur, but instead, n decreases  
continually.
Th is change continues progressive ly  un til n = 0, i . e .  u n til 
anhydrous chrom ic oxide is form ed, although the c rys ta llin e  state , 
o r ra th e r (fro m  the X - r a y  evidence) the absence of c ry s ta llin ity ,
continues un til the "decomposition" tem perature  of about 415°C  
is  reached, whereupon the m a te r ia l converts to the no rm al c ry s ­
ta llin e  fo rm  of anhydrous chrom ic oxide.
The p a ra lle l behaviour of "chrom ium  hydroxide" and its  
reported dehydration and th e rm a l trans ition  to the c rys ta llin e  
fo rm  confirm  that the ACB chrom ate f ilm  is  predom inantly  
a hydrated fo rm  of chrom ic oxide.
The increase in m easured C r ( I I I )  on heating to 250°C  m ay  
be due to the conversion of some of the hexavalent chrom ium  to 
tr iv a le n t chrom ium  (in  the oxidisable fo rm ), o r to the conversion  
of some of the " in e rt"  C r ( I I I )  to the oxidisable fo rm .
A study of the constant curren t p o te n tia l/t im e  curves, 
p a rtic u la rly  the fam ily  of curves in F igure  5 .8 , suggests that 
th is method provides a p ro file  of the cross section of the f ilm . 
This in it ia l peak is absent on fresh ly -p rep ared  panels, but 
develops on dry ing , and develops fu rth e r, and increases in w idth, 
on heating. Since it  is the outside edge which would d ry  f ir s t ,  
and would lose w a te r f irs t  on heating, the observed behaviour 
would be in accordance w ith  progressive dehydration of the f ilm  
from  the outside shrface, assuming the h igher oxidation poten­
tia ls  represent a less highly hydrated oxide.
CONCLUSIONS
1. The overa ll p rop erties of the ACB film  are in agreem ent
w ith  the properties of a hydrated n o n -crysta lline  fo rm  of 
chrom ic oxide.
2. Exposure of the f ilm  to heat in  a ir  p rogressive ly  increases  
the thickness of the outer skin of less-hydrated oxide.
i  ■
3. The ACB chrom ate film s  of d iffe rin g  thicknesses, method 
of preparation , and a fte r  trea tm en t, contain 4 e le c tro -  
chem ically  distinguishable form s of C r ( I I I ) ,  and a non- 
anodically oxidisable fo rm . These are:
oxidation potential ( 50 m V  M ost heavily  hydrated fo rm
in 1 N NaOH ( 160 m V D ried  -  less hydrated fo rm
anodically oxidisable C r ( I I l ) .
5. The f ilm , contrary  to the postulated m echanism  of fo rm ation , 
contained no significant barium  chrom ate*.
2 210 m V
(vs. S .C .E . ) 290 m V  F o rm  som etim es distinguished  
nearest steel surface
j
4. Heating the f ilm  at 200°C  increases the proportion of
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PA R T 6 R A D IO TR A C E R  STUDIES
INTRODUCTION
R ad io tracer techniques using labelled chrom ium  o ffe r a con­
venient, and potentia lly  re liab le  and accurate, means of m easuring  
the re la tiv e ly  low concentrations of chrom ium  present in  surface  
chrom ate film s , and in solutions a fte r  dissolution of the film s . T ra c e r  
methods give no d irec t indication of the valency state, but such in ­
form ation can be derived from  suitably designed experim ents o r by 
in ference fro m  a knowledge of the chem istry  of the compounds used.
R ad io tracer methods w ere used here fo r three purposes:
(i)  to obtain an accurate m easure of the to ta l chrom ium  present in a 
range of chrom ate film s  of d iffe ren t thicknesses, ( i i )  to d iffe ren tia te  
the various form s of chrom ium  present in  an ACB chrom ate coating, 
and ( i i i )  to obtain a m easure of the ra tio  of weight of chrom ium  to 
to ta l weight of coating.
Review of P rob lem
51The use of C r-la b e lle d  chrom ium  compounds fo r  the study 
of chrom ate passivation film s  and corrosion-inh ib iting  processes  
has been dem onstrated successfully by a num ber of w o rke rs , notably  
B rash e r et a l |13)(15) an(j jjackerm ann U hlig  and G eary
and Eggebraaten and W a lke r W ith  tra c e r  methods, surface
o
concentrations of chrom ium  below 0 .1  j x g j cm w ere re ad ily  m easured, 
equivalent to thicknesses of less than 1 nm i.  e. w e ll below the th ick ­
ness present on electrochrom ated film s .
51The radioactive chrom ium  isotope C r  has a h a lf- life  of
27. 8 days. Although it  decays m ain ly  by -em ission , o rb ita l e lec ­
tron  capture results in  em ission of X -ra y s  (vanadium K -ra d ia tio n )  
and of 0 .3 2  M eV  gamma em ission. ■ ■
In  o rd e r to achieve an adequate ac tiv ity  on the samples to be 
m easured, and because re la tiv e ly  concentrated chrom ate e le c tro ­
lytes w ere used, the to ta l ac tiv ity  of the e lectro lyte  was quite high, 
necessitating working w ithin a shielded "castle". The experim ents  
therefo re  had to be designed w ithin the lim ita tio n s  imposed by
( i)  m axim um  allowable activ ity  perm itted in  the tra c e r  la b o ra to ry ,
( i i )  m in im um  m easurable ac tiv ity  on the treated  surfaces, and
( i i i )  m inim um  working volume of e lectro ly te  compatible w ith  the fo r ­
m ation of un iform  coatings -  dependent upon the geom etry o f the 
e lec tro ly tic  ce ll.
E X P E R IM E N T A L  AND RESULTS
P re lim in a ry  Experim ents
The f ir s t  series  of experim ents was ca rried  out using a c e ll 
of 100 m l capacity and electrodes 9 cm w ide, im m ersed  to a depth
of 6 cm and separated by approxim ately 2 cm . P re lim in a ry  e x p e ri­
ments w ith  a non-radioactive e lectro ly te  had shown that apparently  
identical chrom ate coatings could be obtained from  both 1 M  and 
(h 2 M  CrOg e lectro lytes  and accordingly a 0. 2 M  CrOg e lectro ly te
was used to give a higher specific ac tiv ity  fo r the active chrom ium
¥
added. F o r  this w ork, a labelled  isotonic saline NagCrO^ solution 
was used, this being the m ost convenient and re ad ily -av a ilab le  fo rm  
of labelled C r(V I) . Th is  resu lts  in  the fin a l e lectro ly te  (1 m l labelled  
solution diluted to 100 m l) having a sa lin ity  of 1. 6 m M , the significance  
of which was not fu lly  appreciated u n til the w o rk  of Section 7 had been 
started.
C alib ra tion  of Counting Procedures
Liquid samples w ere counted by a T1-KC1 crys ta l sc in tilla tio n  
counter of the "w eU '1 type; chrom ate-coated steel sam ples, as d iscs, 
w ere counted by G e ig e r-M u lle r  counter. I t  was necessary f ir s t  to 
calib ra te  the procedures.
The scintillation-counting technique was read ily  calib rated  
by m aking up a series  of samples of known low '^ C r  concentrations, 
by accurate dilution of the o rig in a l e lec tro ly te . Taking into account 
the background correction  of decay of the isotope, this gave a lin e a r  
relationship between count rate  and chrom ium  content.
/
The usual procedure fo r calibrating the G e ig e r-M u lle r  
counter is to prepare a un iform  film  by the evaporation of a known 
volume of a chrom ate solution (of known concentration) on a p lan- 
chette. Th is proved e n tire ly  unsuccessful due to the v e ry  poor 
wetting properties of the solution as it  became m ore concentrated. 
The addition of wetting agents fa iled  to produce a un iform  film .
The calib ration  was fin a lly  achieved by preparing a range 
of chrom ate-treated  discs of d iffe ren t but unknown film  thicknesses, 
obtaining a G e ig e r-M u lle r  count of each, and m easuring its  surface  
chrom ium  by dissolving the f ilm  in hydrochloric  acid and m easuring  
the ac tiv ity  of a sample of the solution using the c rys ta l sc in tilla tio n  
counter, which had been calibrated previously.
The ca lib ration  and method of chrom ate film  form ation was 
not e n tire ly  satis factory  on account of the poor quality  of the coatings 
obtained w ith  the saline e lectro ly te  used. The active chrom ate film s  
w ere of a d ifferen t character to those n o rm a lly  obtained and did not 
show the usual in terferen ce  tin ts . F u rth e rm o re  the film s  did not 
appear as un iform /as was desired and this was confirm ed by auto­
radiography on two sample discs.
_ The change of fo rm  of the chromate film s  was atjribu ted  to 
the presence of chloride ions in the e lec tro ly te , and not to the lo w er  
CrOg concentration, nor to d ifferences in the ce ll geom etry. L a te r
w ork confirm ed the change in  character of the chrom ate film s  when 
prepared fro m  e lectro lytes  (1 M CrOg) containing chloride ions 
(See P a rt 7).
In  view of the d ifferen t type of f ilm  form ed in this e lec tro ly te , 
the quantitative tra c e r  experim ents Were ca rrie d  out using an active  
e lectro ly te  made up to the n o rm a l, c h lo rid e -fre e , A CB form ulation .
Second Series Using A ctive CrOs
A second series  of t ra c e r  experim ents was c a rried  out w ith
an e lectro ly te  made up to 1 M CrOg, using 2 g of irra d ia te d  CrOg 
51fo r the source of C r. I t  was necessary f ir s t  to purify  the irra d ia te d  
C rO g, and the procedure described by B rash er ^ ^ )  was follow ed, as 
below.
1. The C r03  was dissolved in w ater and made alkaline  
(pH 12 -  13) w ith A . R . NaOH solution.
2. C r ( I I I )  was oxidised to C r(V I)  by boiling under re flu x  w ith  
100 -  volume A .R . HgOg (to destroy excess HgOg).
3. The oxidised solution was passed through a cation exchange 
res in  in the hydrogen fo rm  to give a pure chrom ic acid  
( C r O g )  solution.
This solution, together w ith a fu rth e r 23 g of inactive C rO g, 
was made up to 250 m l of e lec tro ly te . The to ta l C r(V I)  in this  
electro ly te  was determ ined by^  titra tin g  a m easured sample against
±61,
standardised ferrous am monium  sulphate solution. Excess (2. 5g) 
of hydrated barium  hydroxide, and "Z e ro m is t"  (to suppress spray), 
w ere added to give a ^-^Cr-labelled e lectro ly te  having a specific  
activ ity , at the tim e of m aking up, of approxim ately 2 m c /g  CrOg  
or 4 m c /g  C r, and a to ta l ac tiv ity  of about 50 m e.
A  la rg e r  e lec tro ly tic  c e ll was used fo r these experim ents  
to produce coated panels fro m  which a number of disc specimens 
could be cut, and to achieve im proved u n ifo rm ity  of coating.
The dimensions of the c e ll were 10 cm  wide x 10 cm  im m e r ­
sion x 2 cm  electrode separation. A  lead anode was used and the 
steel cathodes fo r these experim ents were of 0 .62  m m  th ick  m ild  
steel. As a precaution against deposition of any chrom ate f ilm  on 
the reverse  sides of the specimens, the backs were coated w ith a 
strippable lacquer which was rem oved a fte r the chrom ate trea tm en t.
A ccu rate ly -m easured  samples of the e lectro ly te  w ere taken  
(before the B afO H ^  was added) and made up into a range of standard  
re ference solutions fo r ca lib ra tion  of the sc in tilla tio n  counting 
technique. As in  the p re lim in a ry  experim ents, treated  discs w ere  
used fo r the ca lib ra tio n  of the G e ig e r-M u lle r  surface counts.
( i)  P reparatio n  of Chrom ate T rea ted  Panels
The panels w ere prepared by the following sequence:
1. E le c tro ly tic  (cathodic) cleaning in a 5% solution of a p ro ­
p r ie ta ry  a lk a li cleaner at 60°C  : 30 sec at 100 m A /c m ^ .
2. Washed in running tap w ater.
3. 'Acid dip" treatm ent -
e ith er about 5 sec in 1 M  HNOg solution, which gave an 
etched steel surface and thin chromate film s , 
o r -  10 secs in 6 M  HC1 solution, which did not produce 
any v is ib le  etching and favoured the production of 
th ick  chromate film s .
i
4. Washed in running w ater and, i f  n itr ic  acid trea te d , the 
sooty deposit was wiped off.
5. Rinsed in  deionised w a te r to avoid contamination of the 
e lec tro ly te .
6 . Cathodically treated in the labelled A CB e lec tro ly te , em ­
ploying a range of current densities and tim es to give a 
range of f ilm  thicknesses.
7. Washed in tap w ater.
8 . D rie d  w ith the aid of a h o t-a ir  blower.
( i i )  M easurem ent of Surface C hrom ium
p
D iscs of d iam eter 31. 8 m m , i . e .  7 .9 2  cm a re a , w ere  
punched out from  selected panels to give a series of un iform  speci­
mens covering the whole thickness range. The strippable lacquer 
coating was removed from  the back> and the d iscs , in tu rn , w ere
mounted at a set distance, close to the G e ig e r-M u lle r  counter window, 
in a lead castle fo r counting. Counts w ere no rm ally  taken over a 
period of 400 seconds to achieve a m inim um  count of 10^ and hence 
an accuracy of b e tte r than 1%. The counts w ere corrected fo r back­
ground and, where necessary, allowance was made fo r decay (2 . 5% 
p er day).
The chrom ate film  on a num ber of these discs was dissolved  
fro m  the steel in a sm all volume of concentrated hydrochloric  acid, 
and this solution, and severa l washings, w ere made up accurate ly  to 
25 m l w ith inactive CrC>3 solution in  a vo lum etric  flask . 2 m l samples 
w ere counted by a c rys ta l sc in tilla tion  counter technique and compared  
w ith  counts from  the p reviously-p repared  standards to obtain the to ta l 
5 *C r  and hence the to ta l chrom ium  present. The discs w ere  again  
tested by G e ig e r-M u lle r  counting to confirm  that a ll the chrom ate film  
had been rem oved.
F ro m  these resu lts  the surface counts, as determ ined by the 
G e ig e rrM u lle r  counter, w ere re lated  to the weight of surface chrom ium  
v ia  the solution counts on the dissolved film s , from  the c ry s ta l scin­
tilla tio n  counter. A lso , the to ta l surface chrom ium  was re la ted  to the 
f ilm  thickness derived fro m  the in terference  colours.
Results^"
The treatm ents used in the preparation of labelled ACB panels, 
and the observed thicknesses of the resultant chrom ate f ilm s , are
given in  Table 6 .1 .
Table 6 .1
P reparation  of A ctive Chrom ate F ilm s
No. A C B  treatm ent F ilm  thickness 
(colour s c a le )**tim e  (sec) curren t density
(a) Nit]ric  A cid P r e -T r e ated Panels
B1 2 x 60 200 m A /c m 2 11 -  12
B2 60 200 m A /c m 2 8 - 9
B3 50 200 m A /cm ^ 7
B4 45 200 m A /c m 2 6 - 7
B5 40 200 m A /c m 2 4 - 6
B6 35 200 m A /c m 2 4 -  (6 )
B7 30 200 m A /c m 2 4
B8 25 200 m A /c m 2 3
B9 20 200 m A /c m 2 (2) 3
B IO * 15 200 m A /c m 2 1 - 4
B l l 15 7 200 m A /c m 2 2
B12 10 200 m A /c m 2 1 (2 )
B13 5 200 m A /c m 2 1
R1 60 200 m A /c m 2 9 - 1 0
R2 20 300 m A /c m 2 4 (5)
R3 -  - 2 'x  90 200 m A /c m 2 1 13R4 60 200 m A /c m 2 | 5 -  6
(b) Hyc roch lo ric  A cid P re -T re a te d  Panels
R X ■— 300 50 m A /c m 2
R5 30 200 m A /c m 2 n
R6 25 200 m A /c m 2 10
R7 40 200 m A /c m 2 12
R8 50 200 m A /c m 2 12 -  13
R9 60 200 m A /c m 2 12
RIO 20 200 m A /c m 2 8 - 9
R l l 15 200 m A /c m 2 8 - 9
R 12* 10 200 m A /c m 2 1
*  BIO a lk a li cleaning and acid dip om itted  
R12 acid dip om itted
* *  colour scale -  see Section 5 and Table 5 .3
The ac tiv ities  of disc sam ples, as m easured in acid solutions 
of the dissolved chrom ate film  by c rys ta l sc in tilla tio n  counting, and
corrected fo r background and decay, are  given in Table 6 .2 ,  together 
with the chrom ium  coating weights calculated from  these counts. (A  
fault in the G e ig e r-M u lle r  counter rendered surface counts unre liab le  
and quantitative w ork  was therefo re  based prin c ipa lly  on the solution  
counts).
Table 6 .2
Surface A ctiv ity  and Calculated Surface Chrom ium  on 
A ctive Chrom ated Samples
No. Solution A ctiv ity  
corrected cps.
Surface Chrom ium  
/U g /c m
B 1 104 56.
B2 6 1 .3  ; 33
B3 50.3 27.1
B4 25.2 13.6
B5 41. 8 22.5
B 6 39.9 21. 5
B7 32. 3 17 .4
B 8 28.6 15 .4
B9 24.1 13 .0
B l l 19 .7 10.6
R4 4 0 .4 21.8
R5 101. 3 54. 6
R 6 82.7 44.6
R7 95.'*9 51.7
R 8 • 125.5 67.6
R9 128 69 .0
RIO 65.5 35.3
R l l 6 1 .4 33.1
( i i i )  Com parison of T rea tm en t Conditions w ith To ta l 
C hrom ium  Deposited
F ro m  these resu lts  of to ta l chrom ium  present in the chro­
m a te /film s , it  was possible to m ake a com parison w ith the tre a t ­
m ent tim es used to apply the coatings. In  the previous study (in  
P a rt 3) com parison could only be made against the anodic oxidation  
m easurem ents of. C r ( I I I ) ,  which had to be assumed to be proportional 
to the to ta l chrom ium . T o ta l chrom ium , as calculated from  rad io ­
ac tiv ity  m easurem ents, was th ere fo re  plotted against the e le c tro -  
chromating treatm ent tim es at constant curren t density. The ch ro - 
m ium  coating weights w ere expressed asJ i g  C r / c m  , but could ajso  
be converted to m c /cm ^  assuming a ll the chrom ium  in the f ilm  was
l '
form ed by the reduction of C r(V I)  to C r ( I I I ) .  S im ila r ly , the t re a t -
9
m ent tim es could be expressed as coulom bs/cm  .
The resu lts  of this com parison are shown in F ig u re  6 .1 .
(iv ) Com parison of E le c tro m e tr ic  M easurem ents of C r ( I I l )  w ith  
T o ta l Chrom ium  Present in  the Chrom ate F ilm s
Anodic oxidation m easurem ents of C r ( I I I )  were  made on 
the active chrom ate treated  sam ples, and these resu lts  are  given  
in Table 6 .3 .
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Table 6. 3
Anodic Oxidation M easurem ents of C r ( I I I )  on 
A ctive Chrom ate F ilm s
Sample M easured C r ( I I I )  
m c/cm ^
T o ta l chrom ium  
(Table  6 . 2 )^ g /c m 2
' B1 56 44.2
B2 33 27.9
B3 27.1 22. 5
B4 13.6 19.6
B5 22.5 18.6
B 6 21.5 18 .7
B7 1 7 .4 15. 3
B 8 1 5 .4 13 .8
B9 /  13 .0 10.6
B l l 10.6 8 .7
R4 24.0 21.8
R5 _  - 41.6 54.6
R 6 35.9 44. 6
R7 46.7 51.7
R 8 50.7 67.6
R9 • 50 .0 69
RIO 33.2 35.3
R l l 28 .8 33.1
The C r ( I I I )  m easurem ents in Table 6 . 3 are  plotted against 
the to ta l chrom ium  m easurem ents in F igure  6 .2 .
(v) Com parison of Coating Thickness E stim ate  (and Colour
Scale) w ith  T o ta l Chrom ium  in F ilm
It  is  possible to corre la te  the em p iric a l in terference colour 
f ilm  thickness scale w ith to ta l chrom ium  in the surface f ilm  as 
m easured accurate ly  by the tra c e r  method. The colour scale th ick ­
ness estim ates fo r  the active film s  (given in  Table 6 .1 )  are  neces­
s a r ily  im precise  and som etim es cover a sm all range, but an average  
co rre la tio n  can be made by plotting the chrom ium  coating weights 
against f ilm  thickness as re lated to the observed in terferen ce  tinis.
In  F ig u re  6 . 3, the chrom ium  coating weights, as given in Table 6 . 2, 
have been plotted against the e m p iric a l colour scale thicknesses  
given in Table 6 .1 .
F ro m  the graph in F igure  6 . 3, the f ilm  thickness estim ated  
fro m  the colour scale was re lated to chrom ium  coating weight values, 
as given below in Table 6 .4 .
ra
di
om
et
ri
c 
m
ea
su
re
m
en
ts
 
of 
to
ta
l 
C
r
/SL,
cm
60
40
30
©  H N O s acid dipped 
^  H  C l acid dipped specimens20
70 m e /cm '30 40 60
coulom etric m easurem ents of C r ( I I I )
F igure 6 . 2 : Com parison between C hrom ium  Coating Weight and
C oulom etric M easurem ents of C r ( I I I ) .
o
CO
oto
o
CO
COoo
<N
in
CO
CO CO
o
©
©
© ©© oin o
3u|poo xnntxiioaqo
o
CO
©CM o ©tH
Table 6. 4
C h ro m iu m  C oating W e igh ts  C o rre sp o nd in g  to  
O bserved  In te rfe re n c e  C o lou rs
In te r fe re n c e  C o lo u r C a lcu la ted  th ickn e ss  
a s su m in g ^ /, = 2 .0 ^  
n ih
M ean C h ro m iu m
C oating w e ig h t 
2
y jA g /cmScale C o lo u r
0 None 0 0 - 3
1 B ro w n 50 6
2 Blue 75 8
3 S ilv e r -b lu e 125 15
4 Y e llo w 150 18
5 Red 175 21
6 P u rp le
/
200 24
7 T u rq u o ise 250 30
8 G re e n -y e llo w 275 33
9 -  R e d '(p in k ) 312 (37
10 G reen 375 45
11 Red 450 54
12 c  G reen 500 60
13 Red 550 66
(vi) M easurem ent of P ercentage Chromium in the ACB
C hrom ate  F i lm
I t  was poss ib le  to  ob ta in  the d ire c t  w e ig h t o f ch ro m a te  f i lm s  
w ith  re asonab le  a c c u ra c y , p ro v id e d  th a t th ic k  f i lm s  on th in  gauge 
s te e l w e re  used. The to ta l c h ro m iu m  could be m easured  f ro m  the 
a c t iv ity  o f the su rfa ce  and f ro m  the a c t iv ity  o f a so lu tio n  o f the  d is ­
so lved f i lm .
H eavy ch rom a te  coa tings w e re  produced on sm oo th  0. 4 m m
51s te e l panels b y  p ro longed  tre a tm e n t in  the C r - la b e lle d  A C B  
e le c tro ly te .  55 m m  d iscs  w e re  cu t fro m  these pane ls , and the 
to ta l f i lm  w e ig h t was m easured  by w e igh ing  b e fo re  and a f te r  d is ­
so lv in g  the f i lm  in  con cen tra ted  h y d rc h lo r ic  ac id  in h ib ite d  by 
a n tim on y  t r io x id e .  A llo w a nce  was made fo r  the w e igh t lo s s  o f 
b lanks  s im i la r ly  tre a te d  in  the a c id . The ac id  s o lu tio n  and w ash ings 
w e re  m ade up to  a s tanda rd  vo lu m e , and the a c t iv ity  m easured  by 
the c ry s ta l s c in t i l la t io n  coun ting  te chn ique . The a c t iv ity ,  c o rre c te d
i
fo r  decay and backg round , w as then com pared  w ith  the  c o rre c te d  
a c t iv ity  o f known s tandards  o f la b e lle d  C r  s o lu tio n s , and thus the 
w e ig h t o f d isso lve d  c h ro m iu m  could be ca lcu la te d .
R esu lts
The re s u lts  o f these m e a su rem en ts  a re  g ive n  in  T ab le  6 .5 .
Table 6 .5
C om p a rison  o f f i lm  w e igh t and c h ro m iu m  w e igh t o f A C B  f i lm s
Sample 1 2 3
F i lm  w e ig h t*  (by
d iffe re n c e ) 2. 64 m g 2. 68 m g 3. 83 m g
C o rre c te d  a c t iv ity
o f d is so lve d  f i lm 7 7 .4  cps 7 5 .9  cps 108. 7 cps
C r  coa ting  w e ig h t* 1. 31 m g 1 .2 8  m g 1. 83 m g
C h ro m iu m  in  f i lm 49.6% 47. 8% 47.8%
> 2 *  w e igh ts  on sam ple  a re a  o f 23 .7  cm
The m ean va lue  fo r  the  pe rcen tage  c h ro m iu m  in  the A C B  
f i lm  is  th e re fo re  48%.
T h is  com pares  w ith  the fo llo w in g  va lues  fo r  de fined  c h e m i­
c a l co m p o s itio n s :
anhydrous C rgO g 68.5%  C r
C r(O H )3 o r  C r 20 3.3 H 20  50. 5% C r
C r ( I I I ) 2(C r (V I)0 4)3 5 7 .5 % C r
"c h ro m iu m  c h ro m a te "
The re s u lt  o f 48% c h ro m iu m  w ould co rre sp o n d  to  a h yd ra ted  c h ro ­
m ic  ox ide  o f the fo rm u la  C r2C>3 3. 5 H ^O .
(v ii) A n alysis  of Separate Components of ACB Chromate F ilm
• The A C B  ch rom a te  f i lm s  conta ined a t le a s t th re e  c le a r ly -  
d is tin g u is h a b le  com ponents, n a m e ly  hexava len t c h ro m iu m , t r iv a le n t  
c h ro m iu m  w h ich  could be o x id ise d  by anod ic tre a tm e n t in  a lk a l i ,  
and e le c t ro ly t ic a lly  " in e r t "  t r iv a le n t  c h ro m iu m  n o t o x id ise d  by 
anod ic  tre a tm e n t.
E x p e r im e n ts  w e re  c a r r ie d  out u s ing  s te e l tre a te d  by the
)
*51A C B  ch rom a te  p ro ce ss , la b e lle d  w ith  C r  to  m e asu re  the re la t iv e  
p ro p o rtio n s  o f these th re e  co n s titu e n ts . . ,
P ane ls  p re pa re d  in  the o r ig in a l s e r ie s  o f a c tive  A C B  t r e a t ­
m en ts  w e re  used fo r  th is  w o rk . The su rfa ce  counting  techn ique  
u s in g  a G e ig e r -M u lle r  (G -M ) tube was f i r s t  c a lib ra te d  by co m p a rin g  
su rfa ce  counts w ith  the counts obta ined on so lu tio n s  o f the d isso lve d  
f i lm s ,  as a lre a d y  d e s c rib e d . The G -M  su rfa ce  counting  p ro ce d u re  
w as then used fo r  m e a su rin g  the  to ta l c h ro m iu m  p re se n t in  the f i lm s  
on the s te e l d is c  sam p les . The s o lu tio n  counting  p ro ce d u re  was used 
to  m e a su re  the c h ro m iu m  w h ich  had been rem oved  f ro m  the f i lm  in to  
so lu tio n  by c h e m ic a l tre a tm e n t.
The fo llo w in g  m e a su rem e n ts  w e re  m ade:
(a) to ta l c h ro m iu m , by  G -M  coun ting  o f the su rfa ce
(b) hexava len t c h ro m iu m , w h ich  was leached out by  s tand ing  
the sam p le  in  1. 0 N NaOH s o lu tio n  and r in s in g  in  s e v e ra l
■ s m a ll changes o f NaOH so lu tio n . T h is  was m easured  both  
by c ry s ta l s c in t i l la t io n  counting  o f to ta l so lu tio n s  and by 
G -M  counting  o f the sam p le  to  g ive  the lo s s  o f a c t iv ity .
(c) a n o d ic a lly -o x id is a b le  c h ro m iu m , by  anodic o x id a tio n  o f 
the d is c  sam p les  in  NaOH, fo llow ed  by a r in s e  in  NaOH.
T h is  was es tim a te d  f ro m  c ry s ta l s c in t i l la t io n  counting  o f 
to ta l s o lu tio n s , by  e le c tro m e tr ic  m e a su re m e n t o f cou lom bs 
passed, and by the re d u c tio n  o f G -M  count o f the su rfa c e .
(d) " in e r t "  t r iv a le n t  c h ro m iu m , m easured  by  G -M  counting  on 
the re m a in in g  f i lm .
R esu lts
The re s u lts  o f the v a r io u s  a c t iv ity  m e a su re m e n ts , c o rre c te d  
fo r  background  and decay, and co nverted  to  w e ig h ts  o f c h ro m iu m , 
a re  g iven  in  T a b le  6 .6 .
The a c t iv ity  o f the la b e lle d  c h ro m iu m  was c o n s id e ra b ly  r e ­
duced a t the t im e  these m e a su re m en ts  w e re  m ade w ith  the re s u lt  
th a t the m easured  a c t iv it ie s  w ere  le s s  than  those n e ce ssa ry  to  
ach ieve  the h ig h ly  a ccu ra te  re s u lts  th a t a re  p o te n tia lly  a tta in a b le  
w ith  t r a c e r  techn iques . The a c t iv ity  n ie a su re d  was betw een 0. 4 -  
6 t im e s  the background  ra d ia tio n  fo r  the s c in t i l la t io n  counting  
m ethod (on the s o lu tio n s ), and between 3 - 2 3  tim e s  fo r  the G e ig e r -  
M u lle r  counting  m ethhd ( fo r  the d is c  sa m p les ).
Table 6. 6
R esu lts  o f T ra c e r  E x p e r im e n ts  to M easure  C h ro m iu m  
C ons tituen ts  o f F i lm s
Type o f C h ro m iu m
/
(and m ethod o f m e a su re m e n t)
o
C h ro m iu m  U g / cm 2( * m c /c m  )
Sample
R l l R8 R5 B l l B8
T o ta l c h ro m iu m  by GM counts 33 59 54 19. 8 1 7 .4
NaOH soluble Gr(VI)
J
*
( i)  GM (d if fe re n c e ) 3 .4 8 .7 8 .6 1 .4 2 .4
( i i )  c ry s ta l s c in tn . ( s o ln . ) 5 .0 9 .3 9 .0 ,1 .5 2 .7
A n o d ic a lly  o x id ised
( i)  GM d iffe re n c e 2 .1 4. 3 3 .2 0 .48 0. 3
( i i )  c ry s ta l s c in tn . (s o ln .) 2 .1 3 .9
CM•
CO 0 .60 0 .96
A n od ic  o x id a tio n
2( i)  as m e /c m 2 8 .4 * 47. 3* 3 8 .0 * 6 .1 *i 1 0 .9 *
( i i )  eq u iva le n t C r ( I I I ) j / g 5 .1 8 .5 6 .9 1 .1 1 .9 6
" In e r t "  c h ro m iu m  by GM counts 28 46 42 • CD 14. 5
The reduced a c cu ra cy  a tta ined  w ould  account fo r. the po o r a g re e m e n t 
shown in  T a b le  6 .6  ( i)  when co m p a rin g  re s u lts  obta ined by  s c in t i l la ­
tio n  and G e ig e r -M u lle r  coun ting , and ( i i )  when co m p a rin g  the re s u lts  
on d if fe re n t sam p le s . The la t te r  is  shown up when the re s u lts  in  
Tab le  6 .6  a re  expressed  as percen tages o f the to ta l c h ro m iu m , as in  
T a b le  6 .7 .
Table 6. 7
P ro p o r t io n s  o f D if fe re n t F o rm s  o f C h ro m iu m  in  C hrom ate  
F i l in s  ( fro m  R a d io tra c e r S tud ies)
C h ro m iu m
Sam ple ( in  o rd e r  o f d e c rea s in g  f i lm  w t)-
R8 R5 R l l B8 B l l
T o ta l C ^ U g /c m 2 (= 100%) 59 54 33 1 7 .4 9. 8
C r(V I)  G M 15% 16% 10% 14% 14%
CSC 16% 17% 15% 15.5% 15%
C r ( I I I ) *  G M 7.3% 5. 9% 6. 3% 1.7% 4.9%
CSC 6.6% 5.9% 6.3% 5. 5% 6.1%
E M 14% 13% 15% 11% 11%
C r( I I I )  G M 78% 78% 85% 83% 81%
c h ro m iu m  so lub le  in  NaOH
c h ro m iu m  so lub le  on anodic o x id a tio n  in  NaOH
)
" in e r t "  c h ro m iu m  re m a in in g  in  f i lm
re s u lts  obta ined fro m  G e ig e r-M u U e r su rfa ce
counting
re s u lts  obta ined f ro m  c ry s ta l s c in t i l la t io n  
counting  o f so lu tio n s
re s u lts  obta ined by e le c tro m e tr ic  anod ic 
o x id a tio n  m e thod.
C r(V I)
C r ( I I I ) *
C r ( I I I )
G M
CSC
E M
In  sp ite  o f the  p re c is io n  o f in d iv id u a l re s u lts  be ing le s s  than 
could be w ished  fo r ,  a w e ll-d e fin e d  o v e ra ll p ic tu re  o f the re la t iv e  
p ro p o rtio n s  o f d if fe re n t species o f c h ro m iu m  in  the A C B  f i lm s  is  
p resen ted  by T ab le  6. 7. A lth o u g h  the co m p o s itio n  m ay be s l ig h t ly  
dependent on th ic k n e s s , the  average co m p os itio n  o f the A C B  f i lm s  
can be s ta ted  a s :-
C r(V I)  (c h ro m iu m  so lub le  in  NaOH so lu tio n ) 15% ± 2%
C r ( I I I ) *  (c h ro m iu m  so lub le  by  anodic o x id a tio n
in  NaOH so lu tio n ) 6% ±1%
C r( I I I )  (c h ro m iu m  no t so lub le  on anodic
o x id a tio n  in  NaOH) 81% ±3% .
A n  a p p a re n tly  anom alous re s u lt  f ro m  T ab le  6. 7 is  th a t the c o u lo ­
m e tr ic  e s tim a tio n  o f C r ( I I I ) *  is  a p p ro x im a te ly  tw ice  the  e s tim a te  
obta ined by the  ra d io tra c e r  m e a s u re m e n ts :-
C r ( I I I ) *  (e s tim a te d  c o u lo m e tr ic a lly )  ca. 13% ±2%
DISCUSSION
The m a in  fe a tu re s  a r is in g  f ro m  the t r a c e r  w o rk  a re  as 
fo llo w s .
( i)  The d ire c t  m e a su re m e n t o f to ta l c h ro m iu m  p e rm its  c o r re la t io n  
w ith  the  in d ire c t m ethods o f m e a s u rin g  c h ro m iu m  and hence a llo w s  
tru e  com p a riso ns  to  be made between coa ting  w e ig h ts  and tre a tm e n t 
co n d itio n s .
( i i )  The m e a su re m e n t o f the p ro p o rtio n  o f c h ro m iu m  in  the to ta l 
f i lm  w e ig h t p e rm its  an e m p ir ic a l ch e m ic a l fo rm u la  fo r  the  f i lm  to  
be ob ta ined .
( i i i )  The f i lm  m a y  be q u a n tita t iv e ly  re so lve d  in to  separa te  d is ­
tin g u ish a b le  com ponents.
( iv )  A  m a jo r ,  a p p ro x im a te ly  tw o fo ld , d is c re p a n cy  is  found betw een 
m easu re m e n ts  o f o x id isa b le  c h ro m iu m  obta ined by  a c t iv ity  m e a s u re ­
m en ts  and by c o u lo m e tr ic  m e a su re m e n ts .
The re s u lts  shown in  the  g ra ph  in  F ig u re  6 .1  in d ic a te  th a t 
fo r  the tre a tm e n t co n d itions  used, w ith  both  the n i t r ic  ac id  p re tre a te d  
( lin e  A ) and the h y d ro c h lo r ic  ac id  p re tre a te d  ( lin e  B ) sp e c im ens , 
th e re  is  an in i t ia l  re la t iv e ly ,  ra p id  g ro w th  o f f i lm  w ith in  the in i t ia l  
ten  seconds o r  le s s  ( fo r  w h ich  no e x p e r im e n ta l data a re  a v a ila b le ) 
fo llo w e d  by a r e la t iv e ly  u n ifo rm  d e p o s itio n ’ ra te  d u r in g  w h ich  coa ting  
w e ig h t in c re a s e s  p ro p o rtio n a te ly  w ith  t im e .
The h y d ro c h lo r ic  ac id  p re tre a tm e n t is  seen to  re s u lt  in
( i)  m o re  e ff ic ie n t in i t ia l  f i lm  fo rm a tio n  than the n i t r ic  ac id  p re -  
tre a tm e n t*p ro je c tin g  the  lin e s  back to  ze ro  t im e  in d ica te s  a 5 -  6 
t im e s  g re a te r  e ff ic ie n c y  -  and ( i i )  moi^e e f f ic ie n t f i lm  g ro w th  as 
ind ica te d  by the  s lopes o f the  lin e s , w h ich  a re  in  the ra t io  2 : 1 .
The f i lm - fo rm in g  p rocess  fo r  the  e le c tro ly te  und tre a tm e n t 
cond itions  used m a y  be expressed  by the  equations fo r  l in e s  A  and 
B  in  F ig u re  6 .1 :
141.
W = 3 .2  + 0. 50 t  w ith  n i t r ic  ac id  d ip  p re tre a tm e n t
W = 18 + 0. 95 t  w ith  h y d ro c h lo r ic  ac id  d ip  p re tre a tm e n t
o
(W = coa ting  w e igh t in J(Ag/CrJcm  ,
2t  = ca thod ic  tre a tm e n t t im e  in  seconds a t 200 m A /c m  ).
F ro m  the slopes o f the  lin e s  A  and B , the  ca thod ic  e ff ic ie n c y  
o f the steady d e p o s itio n  p ro cess  can be ca lcu la te d , s ince  the re d u c tio n  
o f CrC>4 to fo rm  1 /Ag o f C r ( I I I )  in  the f i lm  re q u ire s  5. 5 m e o f 
ch a rge . The ca thod ic  e ff ic ie n c ie s , a t 200 m A /c m  and in  th is  e le c ­
t r o ly te ,  a re  th e re fo re  1. 4% w ith  a n i t r ic  ac id  p re -d ip  and 2. 6% w ith  
a h y d ro c h lo r ic  ac id  p re -d ip .
The re s u lts  shown in  F ig u re  6. 2 show th a t, e s p e c ia lly  fo r  
the l ig h te r ,  n i t r ic  ac id  p re tre a te d , ch ro m a te  f i lm s ,  the  e le c t ro ­
m e tr ic  m e a su re m e n t o f C r ( I I I )  in  the f i lm s  p ro v id e s  a re lia b le  
p ro p o rtio n a te  m e asure  o f the to ta l c h ro m iu m  in  the f i lm .  In  o th e r • 
w o rd s , the o x id isa b le  C r ( I I l )  re p re se n ts  an a p p ro x im a te ly  constan t 
p ro p o r t io n  o f the to ta l c h ro m iu m  in  the f i lm ,  o v e r the  th ic k n e s s  range 
exam ined . The apparen t p ro p o r t io n  (ta k in g  1 m e s  0 . 18/Ug C r ( I I I )  
C r(V I)) is  15%. Thus 1 m e m e a su re d , in  fa c t re p re s e n ts  1 .2JUg to ta l 
c h ro m iu m  fo r  th is  (A C B ) type o f ch ro m a te  f i lm .  A l l  the  re s u lts* i
except tw o fe l l  betw een the l im i t s  
1 m e =  1 ,4yug C r  and 1 m c S l.O y K g  C r.
In  a s im i la r  w ay, the re s u lts  in  F ig u re  6. 3 ind ica te d  th a t 
the c o lo u r sca le  p ro v id e d  a rough  but f a i r ly  re lia b le  in d ic a tio n  o f 
the  f i lm  coa ting  w e ig h t, m a k in g  i t  p oss ib le  to  re la te  the in te r fe re n c e  
c o lo u rs  to  c h ro m iu m  coa ting  w e ig h ts  w ith , in  m o s t cases, n o t m o re  
than  10% e r r o r .
The co m p a riso n  o f to ta l c h ro m iu m  w ith  f i lm  w e ig h t showed 
th a t the A C B  f i lm s  conta ined 48% c h ro m iu m . T h is  re p re s e n ts  an 
average co m p o s itio n  C ^ O g  3. 5 HgO. H ow e ve r, th is  fo rm u la  does 
n o t p ro v id e  a tru e  re p re s e n ta tio n  o f the co m p os itio n  o f the f i lm ,  
s ince  no account is  taken o f the hexava len t c h ro m iu m .
The a n a lys is  o f the f i lm  in to  hexava len t c h ro m iu m , o x id is -  
able t r iv a le n t  c h ro m iu m , and " in e r t "  c h ro m iu m  c o n s titu e n ts , gave 
the  averaged re s u lts  15%, 6% and 80% re s p e c t iv e ly . In  the absence 
o f o th e r ca tio n s , i t  m u s t be assum ed th a t the hexava len t c h ro m iu m  
was p re se n t as c h ro m iu m  c h ro m a te -ty p e  com pounds. The c h ro m ­
iu m  ( I I I )  in  c h ro m iu m  ch ro m a te  w ould  be expected to  e x h ib it s l ig h t ly  
d if fe re n t p ro p e r t ie s  fro m  th a t in  h yd ra te d  c h ro m ic  o x id e , and i t  is  
po ss ib le  th e re fo re  th a t the C r ( I I I )  m easured  by anod ic o x id a tio n  is  
th a t assoc ia ted  w ith  the hexava len t c h ro m iu m . F o r  e xa m p le , c h ro m  
iu m  ( I I I )  d ic h ro m a te  w ou ld  have a C r ( I I I )  : C r (V I)  ra t io  ofj 2 : 6.
Such a hypo thes is  w ou ld  have to  be re c o n c ile d  w ith  the observed  
in c re a s e  in  e le c tro m e tr ic a lly -m e a s u ra b le  C r ( I I I ) ,  a f te r  the f i lm  is  
heated a t 200°C , and c le a r ly  fu r th e r  w o rk  is  ca lle d  fo r  to  e s ta b lis h  
th is  p o in t. »
The re s u lts  o f the a n o d ic a lly -o x id is a b le  C r ( I I I )  obta ined by- 
t r a c e r  m e a su re m e n ts  and by c o u lo m e tr ic  m e a su rem en ts  d if fe re d  
by a fa c to r  o f tw o , assum ing  the tra n s fe r  o f th re e  e le c tro n s  fo r  the 
o x id a tio n  C r ( I I I ) - >  C r(V I) . The two sets o f re s u lts  a re  co m pa tib le  
o n ly  i f  the t ra n s fe r  o f s ix  e le c tro n s  in  th is  o x id a tio n  is  assum ed. 
P o ss ib le  m echan ism s fo r  such an o ccu rre n ce  a re :-
C r  (O) (m e ta l)  —> C r(V I)  +  6e .....................................  ( i)
C r ( I I I )  + Fe (m e ta l)  C r(V I)  + F e ( II I)  + 6e ' . . ............  ( i i )
2 C r ( I I I )  — Cr ( VI )  so lub le  + C r(V I)  in s o lu b le  +
6e  ............................... ( i i i )
C r ( I I I )  + l ^ o ’ " - >  C r(V I)  +  f  0 2 + 6 e ......................  ( iv )
A lth o u g h  the f i lm  d e p o s itio n  co nd itio ns  a re  such th a t c h ro m iu m  m e ta l 
cou ld  be depos ited  in  the f i lm ,  the absence o f a c h ro m iu m  m e ta l X - r a y  
d if f ra c t io n  p a tte rn  w ould  im p ly  tha t no m e ta ll ic  ( c ry s ta ll in e )  c h ro m iu m  
was p re se n t. T hus , any uncom bined c h ro m iu m  a tom s m u s t be u n i­
fo rm ly  d is tr ib u te d  in  the  ch rom a te  f i lm .  I t  w i l l  a lso  be re m e m b e re d  
th a t o x id is a b le  c h ro m iu m  m e a su re m e n ts  have been m ade on ch ro m a te  
p a s s iv a tio n  f i lm s  obta ined by d ip  tre a tm e n ts , in  w h ich  re d u c in g  con ­
d it io n s  a re  in s u f f ic ie n t fo r  c h ro m iu m  m e ta l to  be fo rm e d . , The m e ch a ­
n is m  postu la ted  in  re a c tio n  ( i)  is  th e re fo re  u n lik e ly .
The second’ re a c tio n , s im u ltaneo us  o r  consecu tive  o x id a tio n  
o f C r ( I I I )  and an ir o n  a to m , is  fe a s ib le . Passivation  o f the i r o n  s u r ­
face by the d e p o s itio n  o f a c h ro m ic  oxide  f i lm  p re ve n ts  the ir o n  fo r m ­
ing  i ts  own oxide f i lm ;  re m o v a l o f the c h ro m iu m  oxide  by o x id a tio n
exposes the u n rea c ted  iro n , w h ich  is  then a va ila b le  fo r  anod ic o x id a ­
tio n . H ow e ve r, th is  exp lana tion  is  v a lid  o n ly  fo r  the im m e d ia te  
ch ro m a te  f i lm /s te e l  in te r fa c e , and the e ffe c t w ould be expected to 
be the sam e fo r  any th ickn e ss  o f ch ro m a te  f i lm ,  be ing a fu n c tio n  o f 
su rfa ce  a rea  o n ly .
In  the absence o f data on p o ss ib le  so lub le  and in s o lu b le  
ch ro m a te s , th e re  is  no f i r m  b as is  fo r  the p o s tu la tio n  o f tw o fo rm s  
o f ch rom a te  o x id a tio n  p roduc ts  as in  re a c tio n  ( i i i ) ,  and i t  w ou ld  be 
fo r tu ito u s  i f  the  two fo rm s  w ere  fo rm e d  in  equa l am ounts. Thus the 
o x id a tio n  o f in s o lu b le  C r ( I I I )  to  C r(V I) ,  o n ly  h a lf  o f w h ich  is  so lu b le  
in  NaOH s o lu tio n , is  u n lik e ly .
The com bined o x id a tio n  o f c h ro m ic  and oxide ions  to  ch ro m a te
/
ions  and oxygen, as shown by re a c tio n  ( iv ) ,  w ould account fo r  the
c
use o f s ix  e le c tro n s  p e r C r ( I I I )  o x id a tio n . The th e rm o d y n a m ic  o x id a ­
tio n  p o te n tia ls  a re  c lose , and k in e t ic  fa c to rs  and a c tiv ity | fa c to rs  
cou ld  fu r th e r  fa v o u r the o x id a tio n  o f the oxide  ion . The oxygen o f 
an e le c tr ic a lly -c o n d u c t in g  c h ro m ic  oxide  w h ich  i t s e l f  fo rm s  the 
anode su rfa ce  m ig h t be expected to  be o x id ise d  m o re  re a d ily ,  i . e .  
a t a lo w e r  p o te n tia l, than h y d ro x y l ions  adsorbed f ro m  the e le c t ro ­
ly te .  The com p le te  o x id a tio n  m a y  be w r it te n  :-
C r 20 3 + 16 O H " —>  2 C r 0 4 " “  + 3 /2 0 2 + 8H 20 + 1 2 e
by com b in ing  C r ( I I I ) ' —>  C r(V I)  + 3e 
w ith  3 /2 0  -£■ 3 /4  0 2 +3e
The above e xp lana tions  fo r  o x id a tio n  m echan ism s a re  sug­
gested, bu t fu r th e r  w o rk  is  ca lle d  fo r ;  f i r s t l y  to  ob ta in  a m o re  
p re c is e  m easu re  o f the n u m b e r o f e le c tro n s  used in  C r ( I I I )  o x id a tio n , 
and second ly  to  e s ta b lish  the com p le te  o x id a tio n  re a c tio n . F o r  
e xam p le , the  fo rm e r  w ou ld  be achieved fro m  t r a c e r  e x p e rim e n ts  
us in g  m o re  s tro n g ly  a c tive  la b e lle d  c h ro m iu m , and the la t te r  by 
a tte m p tin g  to  m ea su re  any in c re a se  in  oxygen co n ce n tra tio n  o f the 
e le c tro ly te .
CONCLUSIONS
The fo llo w in g  conc lus ions  can be d raw n  fro m  the re s u lts  o f 
the t r a c e r  s tud ies .
1. The c h ro m iu m  coa ting  w e igh ts  o f the A C B  ch rom a te  f i lm s
2range fro m  about 5y*g /cm  fo r  the th in n e s t f i lm s  show ing a b row n  
c o lo u r (c o lo u r  sca le  1), to  about 60 j j i g /c m  fo r the th ic k e s t f i lm s  
show ing the th ird  g re en  (c o lo u r  sca le  12) in te r fe re n c e  c o lo u r  (a lthough  
th e re  is  no p ra c t ic a l u p p e r l im i t ) .
2. The c h ro m iu m  content o f A C B  f i lm s  re p re s e n ts  48% o f the 
to ta l f i lm  w e ig h t. T h is  co rresp o n d s  to  an average ch e m ic a l fo rm u la  
o f C r20 3 3. 5 H 20 .
3. A p a r t fro m  an in i t ia l ly  h igh  d e p o s itio n  ra te , ch ro m a te  f i lm s  
a re  deposited  in  p ro p o rt io n  to  ca thod ic  tre a tm e n t t im e s  (a t 200 m A /c m 2 
when an "a c id  d ip "  p re tre a tm e n t is  used be fo re  the A C B  tre a tm e n t.
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4. W ith  a h y d ro c h lo r ic  ac id  p re tre a tm e n t, in i t ia l  d e po s itio n  
and subsequent d e p o s itio n  ra te s  o f ch rom a te  f i lm s  a re  g re a te r  than 
w ith  a n i t r ic  ac id  p re tre a tm e n t.
5. The c h ro m iu m , as e s tim a te d  by anod ic o x id a tio n  assum ing  
C r ( I I I )  C r(V I)  + 3e, re p re se n ts  o n ly  15% o f the  to ta l c h ro m iu m  
in  the A C B  ch ro m a te  f i lm s .
6. The A C B  ch rom a te  f i lm s  con ta in  on average 15% hexava len t 
c h ro m iu m  (so lu b le  in  d ilu te  a lk a l i) ,  6^o -tr iva le n t c h ro m iu m  so lu b le  
on anod ic o x id a tio n  in  d ilu te  NaOH, and about 80% o f an " in e r t "  fo rm  
o f c h ro m iu m  ox ide .
7. On anod ic o x id a tio n  o f the A C B  ch ro m a te  f i lm  in  NaOH s o lu t io n , 
s ix  e le c tro n s  a re  a p p a re n tly  t ra n s fe r re d  fo r  each c h ro m iu m  a tom  p a ss ­
ing  fro m  the f i lm  in to  so lu tio n . Thus the anodic o x id a tio n  is  no t the  
s im p le  re a c tio n  h ith e r to  p resen ted :
C r ( I I I )  ( in s o lu b le ) - > C r ( V I )  (so lu b le ) +  3 e le c tro n s .
A  suggested o x id a tio n  re a c tio n  is  :
i C r20 3 C r(V I)  (so lu b le ) + f  0 2 + 6e.
' P A R T  7
E F F E C T S  OF AD D ED  C H LO R ID E  AND O TH ER  ANIONS ON TH E 
F IL M  FO R M IN G  P R O PER TIE S  OF TH E E LE C T R O C H R O M A T IN G
E L E C T R O L Y T E  .
In tro d u c tio n
E x p e r im e n ta l
( i)  P re l im in a r y  O bse rva tions
( i i )  E ffe c ts  o f In c re a s in g  C h lo r id e  Ion  C o n ce n tra tio n s  
on the F i lm  D e p o s itio n  C h a ra c te r is t ic s  o f the 
A C B  E le c tro ly te
( i i i )  C athod ic  P o la r is a t io n  S tudies in  the C h ro m ic  
A c id  E le c tro ly te s  C on ta in ing  C h lo rid e  Ions
( iv )  M ea su rem en t o f C h lo r id e  Ion C on ce n tra tio ns  in  
C h ro m ic  A c id  E le c tro ly te s
(v) In v e s tig a tio n  o f the Rate o f L o ss  o f C h lo r id e  Ions 
f ro m  a C h ro m ic  A c id  E le c tro ly te  d u rin g  use
(v i)  In v e s tig a tio n  o f the Cause o f L o ss  o f C h lo r id e  Ion  
( v i i )  E x a m in a tio n  o f the  e ffe c t o f L o w  C o n ce n tra tio n s  o f 
o th e r A n ion s  on the  F i lm -F o rm in g  C h a ra c te r is t ic s  
o f a C h ro m ic  A c id  E le c tro ly te  
C onc lus ions
P A R T  7 E F F E C T S  OF AD D ED  C H LO R ID E  AND O TH ER
ANIONS ON TH E  F IL M -F O R M IN G  PR O PER TIE S  
O F TH E E LE C T R O C H R O M A T IN G  E L E C T R O L Y T E
IN TR O D U C T IO N
P re v io u s  w o rk  d e sc rib e d  in  P a r ts  3, 4 and 6 has already- 
es tab lish e d  th a t the«type o f ac id  d ip  used p r io r  to  the e le c tro c h ro m a t-  
ing  stage e x e rts  a p ro found  e ffe c t on the th ickn ess  o f the  ch ro m a te  
f i lm  fo rm e d . H y d ro c h lo r ic  ac id  and s u lp h u r ic  ac id  both  in c re a se d  
the ra te  o f ch rom a te  f i lm  fo rm a tio n , w hereas n i t r ic  a c id , o r  e l im i ­
n a tion  o f the  ac id  d ip , reduced the ra te  o f ch rom a te  f i lm  fo rm a tio n .
A n  e x p e rim e n t c a r r ie d  out to  in ve s tig a te  w h e th e r the p u r ity  
o f the w ash w a te r  and e le c tro ly te  m a ke -u p  w a te r  had any in flu e n ce  
on ch ro m a te  f i lm  g ro w th  showed th a t the use o f m a in s  w a te r  fo r  bo th  
pu rpo ses , com pared w ith  d is t i l le d  o r  de ion ised  w a te r , re s u lte d  in  
m a rg in a lly  th ic k e r  ch rom a te  f i lm s  fo r  the sam e e le c tro  c h ro m a tin g  
con d itio n s .
These o b se rva tio n s  suggested th a t the chrom ate f i lm  d e p o s itio n  
p ro ce ss  was a ffec ted  by fo re ig n  an ions, adsorbed on the s te e l s u rfa c e  
fro m  the ac id  d ip , the w ash w a te r , a n d /o r  the ch ro m a te  e le c t ro ly te .
In  th is  p a r t o f the w o rk , a s y s te m a tic  in v e s tig a tio n  was m ade o f the  
e ffe c ts  o f c h lo r id e  io n s , and o f o th e r com m on an ions, on the f i lm -  
fo rm in g  c h a ra c te r is t ic s  o f the  e le c tro  c h ro m a tin g  e le c tro ly te .
The e ffe c t o f " fo re ig n "  an ions on the ca thod ic  re d u c tio n  o f 
c h ro m ic  ac id  e le c tro ly te s  has a lre a d y  been stud ied  at h ig h e r con­
ce n tra tio n s  than a re  be ing  cons ide red  in  th is  w o rk . The ro le  o f 
su lpha tes and f lu o r id e s  (o r  s i l ic o f lu o r id e s )  is  w e ll e s ta b lis h e d ^ ^  - 
a lthough  n o t unders tood  - in  p ro m o tin g  re d u c tio n  to  c h ro m iu m  m e ta l. 
F o r  exam p le , s u lp h u r ic  ac id  is  added to  c h ro m ic  ac id  a t a 1 : 100 
(W/w ) ra t io  in  a 2. 5 M  c h ro m ic  ac id  e le c tro ly te  ( i . e .  25 m M  SO4  ). 
K azakov and V a g ra m ya n  and S o lov 'eva  have in ve s tig a te d
the ca thod ic  re d u c tio n  o f c h ro m ic  ac id  in  the presence o f low  con­
c e n tra tio n s  (0 .1  - 1 . 0  M ) o f the an ions su lpha te , c h lo r id e  and s i l ic o -  
f lu o r id e . The p re se n t w o rk , h o w e ve r, is  concerned w ith  m uch  lo w e r  
c o n ce n tra tio n s , such as m ig h t a r is e  f ro m  the use o f m a in s  w a te r
i .  e. up t o ' l  m M , and such as m ig h t be added to  in c re a s e  ch ro m a te  
f i lm - fo rm in g  e ff ic ie n c y , e .g . up to  5 m M .
E X P E R IM E N T A L
V'
The e x p e r im e n ta l w o rk  can be su b -d iv id e d  as fo llo w s :
( i)  P re l im in a ry  o b se rva tio n s , in d ic a tin g  an e ffe c t a ttr ib u ta b le  
to  the presence  o f " fo re ig n "  an ions.
( i i )  A  s y s te m a tic  e xa m in a tio n  o f the  e ffe c ts  o f added c h lo r id e  
ions  on the  f i lm - fo rm in g  c h a ra c te r is t ic s  o f the c h ro m ic  
ac id  e le c tro ly te .
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(iii)  The study of the reaction  k inetics of the cathodic reduction
by  p o la r is a t io n  m e a su re m e n ts .
' ( iv )  The m e a su re m e n t o f low  c h lo r id e  io n  co ncen tra tio n s  in
c h ro m ic  ac id  e le c tro ly te s  (necess ita ted  by the o b se rva tio n  
th a t the c h lo r id e  ion  co n ce n tra tio n  was reduced d u rin g  use).
(v ) In v e s tig a tio n  o f the ra te  o f lo s s  o f c h lo r id e  ions fro m  the 
e le c tro ly te .
(v i)  In v e s tig a tio n  o f the cause o f lo s s  o f c h lo r id e  ions  fro m  the 
e le c tro ly te .
( v i i )  A  s tudy o f the  e ffe c ts  o f o th e r com m on anions on ch rom a te  
. f i lm  fo rm a tio n .
The w o rk  was confined to  1M  (100 g /1) C rO g e le c tro ly te s  used 
a t 20 -  25°C . A lth o u g h  the a d d itio n  o f b a r iu m  ch ro m a te  (added as
' ■ ■ i
b a r iu m  h y d ro x id e ) to  the C rO Q s o lu tio n , to  fo rm  the A C B  e le c t ro ly te ,  
had been shown to  have no m e a su ra b le  e ffe c t, the a d d itio n  was none ­
th e less  made except w here  the p re c ip ita te , o r  p re c ip ita t io n  w ith  added 
an ions, w ould c le a r ly  in te r fe re  w ith  the w o rk .
( i)  P re l im in a ry  O bse rva tions
The d iffe re n c e s  in  ch rom a te  f i lm  th ickn esses  obta ined w ith  
d if fe re n t ac id  p re tre a tm e n ts , but w ith  the sam e ch ro m a te  tre a tm e n t
have a lre a d y  been d e s c rib e d . These d iffe re n c e s  a re  i l lu s tra te d  by 
the re s u lts  su m m a rise d  in  T ab le  7 .1 .
T ab le  7 .1
E ffe c t o f A c id  P re tre a tm e n t on A C B  C hrom ate  F i lm  T h ickn e ss
P re tre a tm e n t
E le c tro c h ro m a te
C hrom ate  F i lm  
T h ickn ess
C lean ing A c id  D ip C o lo u r m c C r ( I I I ) /c m ^
D e te rg e n t 
sc ru b , o r  
A lk a l i  
c lean o r  
va p o u r 
degrease
6 N HC1 
10 /30  sec 30 sec 
at
2 0 0 m A /cm ^
in
A C B
e le c tro ly te
9 -  11 35 + 5
3 . 6 N H 2 SO4  
10 /30  sec
9 - 1 1 35 F 5
IN  HNO 3 
5-10 sec
1 - 4 5 - 1 0
d e te rge n t
s c ru b
no ac id
/
d ip
1 - 2 5 - 8
The d iffe re n c e s  between us ing  m a in s  w a te r  (12 ppm , 0. 3 m M , C l" )  
and de ion ised  w a te r fo r  the in te rm e d ia te  r in s e s  and the e le c tro ly te  m a k e ­
up w a te r  w e re  exam ined. A  s tandard  e le c tro  ch rom a te  tre a tm e n t was 
g iven  fo r  each com b in a tio n , and the  th ickn e ss  o f the re s u lta n t ch ro m a te  
f i lm s  was com pared . The re s u lts  a re  g iven  in  T a b le  7 .2 .
Table 7. 2
E ffect of W ater Com position on Chromate F ilm  T hickness
C lean ing  : de te rge n t sc ru b  (m a ins  w a te r)
A c id  d ip  : 5 seconds in  IN  HNO 3 (de ion ised  w a te r)
. 2E le c tro c h ro m a te  : 30 sec a t 200 m A /c m  in  A C B  e le c tro ly te
R inse  W a te r E le c tro ly te  W a te r C hrom ate  F i lm  T h ickn ess
2C o lo u r Scale m c C r ( I I I ) /c m
m a ins m a in s 3 - 4 14 .6  1 6 .2
m a ins de ion ised 1
CO 13 .5
de ion ised de ion ised 1
CO 12 .9
de ion ised m a in s 4 - 5 17.1 16 .2
i
The re s u lts  in  T ab le  7. 2 in d ica te  a s lig h t in c re a se  in  f i lm  
th ickn e ss  obta ined in  e le c tro ly te s  m ade up in  m a in s  w a te r , and the ' 
lo w e s t th ickn ess  w here  de ion ised  w a te r  was used th roughou t. The 
re s u lts  in  T a b les  7 .1  and 7. 2 to g e th e r suggest th a t c h lo r id e  o r  s u l­
phate io n s , adsorbed on to  the s te e l s u rfa c e , in  the one case fro m  the 
ac id  d ip  and not rem oved by w ash ing , and in  the second case fro m  the 
c h ro m ic  ac id  e le c tro ly te , ca ta lyse  ch ro m a te  f i lm  fo rm a tio n .
( i i )  E ffe c ts  o f In c re a s in g  C h lo r id e  Ion C oncen tra tions  on the 
F i lm  D e p o s itio n  C h a ra c te r is t ic s  o f the A C B  E le c tro ly te
C hrom ate  f i lm s  w e re  deposited  on s te e l pane ls , us in g  a 
s tand a rd ise d  p ro ce d u re . The A C B  e le c tro ly te  was in i t ia l ly  fre e  
fro m  c h lo r id e  io n s , but add itio n s  o f HC1 w ere  m ade p ro g re s s iv e ly  
to  the e le c tro ly te  to  b r in g  the c h lo r id e  ion  co n ce n tra tio n  up to  
3 .0  m M . The th ic kn e ss  o f the  ch rom a te  f i lm s  fo rm e d  on the pane ls > 
was re co rd e d  fo r  each c h lo r id e  ion  co n ce n tra tio n  used.
The ch rom a te  tre a tm e n ts  co m p rise d  the fo llo w in g  stages :
1 . e le c t ro ly t ic  c lean ing  in  ho t a lk a l i  so lu tio n
2 . w ash ing  in  m a in s  w a te r
3. d ip p ing  fo r  ca. 5 seconds in  IN  n i t r ic  ac id  ( in  de ion ised
w a te r)
j
4. w ash ing  in  m a in s  w a te r and w ip in g  the su rfa ce  c lean
5. r in s in g  in  de ion ised  w a te r
6 . A C B  e le c tro c h ro m a te  tre a tm e n t : 30 sec a t 2 0 0  m A /c m ^
7. f in a l w ash ing  in  m a in s  w a te r. .
S e ve ra l panels w e re  o ften  p re pa re d  a t each c h lo r id e  ion  
co n ce n tra tio n , in  o rd e r  to  ach ieve  u n ifo rm  ch rom a te  co a tings . The 
re s u lts  a re  g iven  in  T ab le  7 .3 , in  w h ich  ch rom a te  f i lm  th ic kn e ss  
has been expressed  in  te rm s  o f the in te r fe re n c e  c o lo u r sca le . The 
re s u lts  o f e v e ry  succe ss ive  tre a tm e n t have been g iven , as th ey  
i l lu s t r a te  a fu r th e r  e ffe c t.
Table 7. 3
T h ickn ess  o f C hrom ate  F i lm s  F o rm e d  f ro m  E le c tro ly te s  C on ta in ing  
in c re a s in g  co n ce n tra tio n s  o f C h lo rid e  Ions
C r io n  (HC1) 
c o n ce n tra tio n  
added (m M )
C hrom ate  F i lm  T h ickn ess  
fo r  success ive  te s t panels 
(In te rfe rence  C o lo u r Scale)
0 ("R u n n in g  in "  600 sec a t 200 m A /c m ^ ) 14
0 0 0 0  0 0
0 . 01 1
0 . 0 2 2 1 1
0. 03 1
0. 05 < 1
0 . 1 1 - 3  1 1
0 . 2 1(3)
0 .3 ~ 3  1 ( 2 ) 1 (2 ,3 )
c e ll le f t  o ve rn ig h t
0. 3 2 - 3  2 - 3 1 - 3  2 - 3 2 - 3
1 - 3
0. 4 1 - 3  1 - 3
0. 5 1 - 3  2 - 7 2 - 7  1 - 4 5 - 6
5 - 6
0 . 6 4 - 6  5(6) 7(8) 7 7
6 - 7  6(7)
0 .7 5 - 7  7(8)
0 . 8 6(7)
0. 9 8(9)
1 . 0  ' ' 9
1 . 1 8(9)
c e ll le f t  o v e rn ig h t
1 . 1 ("R u nn in g  in "  330 sec a t 2 0 0  m A /c m  ) > 1 4
1 . 2 ( 1 0 ) 1 1
1 .3 ( 1 0 ) 1 1  ( 1 0 ) 1 1 9 - 1 0  8 - 9 8 - 9
8(9)
1 .4 9(10)
1 .5 9(10) .
1 . 6 9(10) '
1. 7 1 0
1 . 8 9 -  10
1 .9 1 0  •
2 . 0 1 0  -  11
2. 25 1 0 - 1 1
2. 5 1 0  -  11
3. 0 1 1 2 - 1 3
(E x p la n a to ry  Note: 1 - 3  T h ickn esses  1, 2 and 3 a p p ro x im a te ly  e q u a lly
re p re se n te d .
(10)11 S ig n ific a n t a rea  o f th ickn e ss  10, m a jo r  p a r t  
th ickn ess  1 1 )
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Having in creased  the effic ien cy  of the e lectro ly te  in form ing
ch rom a te  f i lm s  by a s tan da rd ised  tre a tm e n t t im e  and c u r re n t d e n s ity
2(30 sec a t 200. m A /c m  ), the f i lm - fo rm in g  e ff ic ie n c y  at reduced 
c u r re n t d e n s ity  was tes ted  in  the  sam e e le c tro ly te , i .  e. hav ing  r e ­
ce ived a to ta l a d d itio n  o f 3 m M  HC1. The re s u lts  w ere  j 
T re a tm e n t T h ickn ess
( i)  30 sec a t 67 m A /c m 2 5 /(6 , 7, 8 )
( i i )  30 sec a t 33 m A /c m ^  2
These la s t  tw o re s u lts  show th a t f i lm s  can be fo rm e d  a t 
o n e - th ird , and a t o n e -s ix th , o f the c u r re n t d e n s itie s  n o rm a lly  used; 
w ith o u t the added c h lo r id e  io n , no d e p o s itio n  o f ch rom a te  f i lm  w ou ld  
have been expected a t these c u r re n t d e n s itie s .
The re s u lts  in  Tab le  7. 3 c le a r ly  show a p ro g re s s iv e  in c re a s e  
in  ch rom a te  f i lm  th ickn esse s  fo r  p ro g re s s iv e  ad d itio n s  o f c h lo r id e  
io n  (HC1).
The fu l l  sequence o f re s u lts  in  T a b le  7. 3 i l lu s t ra te s  tw o 
fu r th e r  p o in ts . F i r s t ly  the re s u lts  show p oor re p ro d u c ib i l ity  in  
m any cases. T h is  m ay  be due e ith e r  to  inadequate m ix in g  o f the 
c h lo r id e , a lthough  the e le c tro ly te  was th o ro u g h ly  m ixed  a f te r  each 
a d d itio n , o r  to  some o th e r tim e -de p e n de n t p ro ce ss  by w h ich  the 
c h lo r id e  ion  comes in to  e q u ilib r iu m  w ith  the e le c tro ly te . Second ly, 
w he re  a n u m be r o f tre a tm e n ts  w ere  app lied  co n se cu tive ly  a f te r  a
g iven  c h lo r id e  io n  a d d itio n , the re s u lts  show a fa l l in g -o f f  in  ch rom a te  
f i lm  th ickn e ss  (see , fo r  exam ple  the re s u lts  a t 0. 02 m M , 0. 6 m M , 
and 1. 3 m M  C l ) .  The sam e s o r t  o f e ffe c t can be seen w here  the 
a n tic ip a te d  in c re a s e  in  ch rom a te  f i lm  th ickn ess  fa i ls  to  keep up w ith  
the in c re a s e  in  c h lo r id e  io n  a d d itio n  (see , fo r  exam ple , the re s u lts  
between 0 . 9 and 1 .1  m M  C l , o r  1.4 -  1. 6 m M  C l ).
The appa ren t fa l l in g - o f f  o f the f i lm - fo r m in g  c a ta ly tic  a c t iv ity  
produced by  the c h lo r id e  ion  a d d itions  can be exp la ined s a t is fa c to r i ly  
i f  the c h lo r id e  io n  is  lo s t  fro m  the e le c tro ly te  d u rin g  use . B e fo re  th is  
could be s tu d ie d , h o w e ve r, i t  was f i r s t  n e ce ssa ry  to  deve lop  a te c h ­
n ique fo r  m e a su rin g  lo w  co n cen tra tio n s  o f c h lo r id e  ions in  concen tra ted  
c h ro m ic  ac id  so lu tio n s  (see se c tion  ( iv )  o f th is  ch ap te r).
( i i i )  C athod ic  P o la r is a t io n  S tudies in  C h ro m ic  A c id  E le c tro ly te s
C on ta in ing  C h lo r id e  Ions
C athod ic p o la r is a t io n  s tud ies  have a lre a d y  been m ade (d e s ­
c r ib e d  in  P a r t  4) to  com pare  the re d u c tio n  re a c tio n s  o c c u rr in g  on 
d if fe re n t ly  p re - tre a te d  s te e l s u rfa ce s . F o r  th is  e a r l ie r  w o rk , the 
e le c tro ly te  was m ade up in  de ion ised  w a te r .
The sam e a p pa ra tus , c ir c u i t ,  and e le c t ro ly t ic  c e ll  (F ig u re  4. 2) 
as used e a r l ie r  w ere  em ployed in  these e x p e rim e n ts . A  p o te n tia l 
scan was made fro m  the re s t p o te n tia l o f the s te e l cathode to  a 
ca thod ic  p o te n tia l l im ite d  by the 300 m A  c u r re n t output o f the
J .O  I .
in s tru m e n t. A  p o te n tio s ta t was used w ith  a m o to r  d r iv e  to the 
p o te n tia l-s e tt in g  sca le , g iv in g  a scan speed o f 20 m V /m in  j l .  2 V /h r ) .  
The c u r re n t was re co rd e d  co n tin u o u s ly  on a c h a rt re c o rd e r .
P o la r is a t io n  runs  w e re  m ade on a lk a li-c le a n e d  s te e l in  the 
fo llo w in g  e le c tro ly te s
1 M  ( 1 0 %) C rO g in  de ion ised  w a te r
1 M  C rO s 0 .1  m M  C l"
1 M  C rO s 0. 5 m M  C l"
1 M  C rO s 1 .0  m M  C l“
1 M  C r 0 3 1 .5  m M  C l"
1 M  C rO g 2 .0 m M  C l"
The cu rve s  obta ined a re  shown sup erim posed  in  F ig u re  7 .1 .
The in i t ia l  p a rts  o f the c u rv e s , a t p o te n tia ls  between +700 m V  
and -500 m V  (vs . S . C . E . ) a re  a l l  b a s ic a lly  s im ila r .  The ca thod ic  
re d u c tio n  re a c tio n  is  b e lie ved  to  be the  re d u c tio n  o f C r(V I)  to  C r ( I I I ) ,  
w h ich , w ith  the fo rm a tio n  o f a p a ss iva tin g  c h ro m ic  oxide  f i lm ,  no 
lo n g e r in c re a se s  in  ra te . The hydrogen e vo lu tio n  re a c tio n  s ta r ts  at 
-  600 + 50 m V , and at h ig h e r o v e rp o te n tia ls , and h ig h e r c u r re n t den ­
s it ie s ,  the c h lo r id e  ion  is  seen to  e x e rt a s tro n g  in flu e n ce  on the 
k in e t ic s . The p resence  o f c h lo r id e  ions  reduces the c u r re n t d e n s ity  
a t w h ich  p a ss iva tio n  ( i .  e. re d u c tio n  o f the in c re a se  in  re a c tio n  ra te
100
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F ig u re  7 .1 : P o la r is a t io n  C urves  in  E le c tro ly te s  co n ta in in g  C h lo r id e  Io n s .
w ith  in c re a se  in  o v e rp o te n tia l) , due to  f i lm  fo rm a tio n , o c c u rs . The 
cu rves  obta ined a t 0, 0 .1 , 0 .5  and 1. 0 m M  C l fo rm  a continuous 
sequence, the e ffe c t in c re a s in g  w ith  in c re a se  in  c h lo r id e  ion  concen-. 
t ra t io n .  The 1. 5 and 2 .0  m M  C l” re s u lts  a re  m o re  com p le x , and the 
c u r re n t m a x im a  do no t f a l l  in  the  sam e sequence, a lthough  po in ts  o f 
in f le x io n  can be seen w h ich  do fa l l  in  th is  sequence. F u r th e r ,  and 
m o re  d e ta ile d , w o rk  w ould  be re q u ire d  to  e lu c id a te  the fu l l  s ig n ific a n c e  
o f these d e ta ils  in  the p o la r is a t io n  cu rve s . A f te r  the p a s s iv a tio n , o r  
f i lm  g ro w th , s tage, the ca thod ic  c u r re n t in c re a se s  w ith  a f a i r ly  n o rm a l 
T a fe l- ty p e  c u rv e , and the cu rve s  a re  again a lm o s t su p e rim p o sa b le .
I t  can be concluded th a t the ca thod ic  p o la r is a t io n  cu rve s  
d e m o n s tra te  the re d u c tio n  in  the c u r re n t d e n s ity , re q u ire d  to  ach ieve  
ch ro m a te  f i lm  fo rm a tio n , w ith  in c re a s in g  co n ce n tra tio n  o f added 
c h lo r id e  io n s . A t  co n cen tra tio n s  g re a te r  than 1 .0  m M , the  f i lm -  
fo rm in g  re a c tio n  k in e t ic s , o r  th e  e ffe c t w h ich  the f i lm  e x e rts  on the 
o v e ra ll re a c tio n  ra te , becom es m o re  com p lex .
( iv )  M ea su re m e n t o f C h lo r id e  Ion  C oncen tra tions  in  C h ro m ic
A c id  E le c tro ly te s
Because o f the p oss ib le  lo ss  o f added c h lo r id e  ions f ro m  an 
e le c tro c h ro m a tin g  e le c tro ly te , i t  becam e n e ce ssa ry  to  m e a su re  the 
a c tu a l co n ce n tra tio n  o f c h lo r id e  ions in  the e le c tro ly te s .
C onven tiona l g ra v im e tr ic  and c o lo r im e tr ic  m ethods could 
no t be used because o f in te r fe re n c e  by  the  h igh  co n ce n tra tio n  o f 
ch rom a te  io n s . E q u a lly , the c h ro m ic  ac id  could no t be re m o ve d , 
because o f the r is k  o f in tro d u c tin g  s m a ll co n cen tra tio ns  o f c h lo r id e  
ions  f ro m  the la rg e  am ounts o f ch e m ica ls  n e ce ssa ry  to  re m ove  the 
ch rom a te  io n s .
D ir e c t  t i t r a t io n  o f the c h lo r id e  in  the e le c tro ly te  by  p re c ip ita ­
t io n  w ith  s tanda rd  s i lv e r  n it ra te ,  us in g  p o te n tio m e tr ic  d e te c tio n  o f 
the end p o in t, had been re p o rte d  a s a t is fa c to ry  m ethod ^ 8 )  ^ ancj - t^g  
m ethod was t r ie d  and f in a lly  adopted. I ts  success depended on th e re  
be ing a m e a su ra b le  change in  p o te n tia l a t the end_ p o in t, due to  a 
ra p id  ra te  o f change o f s i lv e r  ion  co n ce n tra tio n . The p o s it io n  was 
co m p lica te d  by the fa c t th a t s i lv e r  ch rom a te  is  a lso  h ig h ly  in s o lu b le i 
a lthough  m o re  so lub le  than  s i lv e r  c h lo r id e , and thus l im i t s  the 
po ss ib le  change in  s i lv e r  ion  co n ce n tra tio n  beyond the end p o in t.
The s e n s it iv ity  o f the end p o in t is  a lso  se n s it iv e  to  pH due to  the
C ^ O ?  : C rO ^  ba lance , w h ich , by c o n tro ll in g  the C rO ^
+
c o n c e n tra tio n , a lso  c p n tro ls  the m a x im u m  A g co n ce n tra tio n .
P re l im in a ry  e x p e r im e n ta l t i t r a t io n s  w e re  c a r r ie d  out in  
1 M  C rO g s o lu tio n  con ta in in g  1 m M  HC1. The v e ry  s m a ll sjnd 
p o o r ly -d e fin e d  p o te n tia l change, to g e th e r w ith  som e s lig h t p o te n tia l 
d r i f t ,  m ade accu ra te  m e a su re m en ts  im p o s s ib le  usjing con ven tio n a l
m anua l t i t r a t io n  m e thods. Im p ro ve d  re s u lts ,  enab ling  a b e tte r  
de te c tion  o f the p o in t o f in f le x io n  on the  p o te n t ia l / t i t r a n t  vo lum e  
c u rv e , w e re  obta ined by  p ro v id in g  a constan t ra te  o f d e liv e ry  o f 
s i lv e r  n it ra te  to  the  ch ro m a te  s o lu tio n , v ig o ro u s  s t i r r in g ,  and 
con tinuous re c o rd in g  o f the  p o te n tia l aga inst t im e . A  b u re tte  was 
adapted to  g ive  an a p p ro x im a te ly  constan t head, as shown in  
F ig u re  7. 2 (a), and thus to  g ive  a constan t d e liv e ry  ra te . T h is  
was subsequen tly  re p la ce d  b y  an A g la  s y r in g e  w ith  a m o to r  d r iv e ,
shown in  F ig u re  7 .2  (b). The p o te n tia ls  w e re  m ea su red  u s in g  a
/
s i lv e r  f o i l  e le c tro d e  and a m e rc u ry /m e rc u ry  su lphate  (to avo id  
c h lo r id e  co n ta m in a tio n ) re fe re n c e  e le c tro d e . The p o te n tia l 
m e a s u r in g jm d  re c o rd in g  c i r c u i t  is  shown in  F ig u re  7 .3  (a j. In  
sp ite  o f these re fin e m e n ts , the  e nd -p o in ts  w ere  not s h a rp ,kand i t  
was n e ce ssa ry  to  take  the  en d -po in t as the c e n tre  jo f the s teepest 
p a r t  o f th e  cu rv e  as shown in  F ig u re  7. 3 (b).
P re l im in a r y  e xp e rim e n ts  u s in g  1 m M  HC1 in  1 M  CrOg 
s o lu tio n s  at a range  o f pH  va lu e s , ob ta ined b y  ad ju s tm e n t w ith  
NaOH o r  HNO g, showed th a t the  best e nd -p o in ts  w ere  ob ta ined  at 
pH  3, w here  a p o te n tia l change o f about 50 m V  o c c u rre d  o v e r the  
e n d -p o in t. The m ea su re d  end -po in ts  ag reed  e x a c tly  w ith  the 
expected e n d -p o in ts .
M ethod (a)
0. 02 N  A g  NOg so ln  r e s e rv o ir
xy lene
x y le n e /A g N O g  so ln  in te r fa c e
BS 846 B u re tte
80 m l + 25 m l g radua ted  tube
s a lt b r id g e  connection  
to  H g /H g 2 SC>4 r e f .  e le c tro d e  
and
s i lv e r  f o i l  m e a s u rin g  e le c tro d e
m agne tic
s t i r r e r
M ethod (b)
2 rp m  
m o to r
—  -
'A g la 1 m ic ro m e te r  s y r in g e
s i lv e r  m e a s u rin g  e le c tro d e
s a lt b r id g e  connec tion  to  
H g/H ggS C ^ re fe re n c e  e le c tro d e
m a g ne tic  s t i r r e r
F ig u re  7. 2 ; A p p a ra tus  used fo r  P o te n tio m e tr ic  T it ra t io n s  o f C h lo r id e  
Ion  in  C rO s E le c tro ly te s .
P o te n tio m e tr ic  
c h a r t re c o rd e r
V a lve  V o ltm e te r  
E . I . L .  V ib ro nT it r a t io n  
v e s s e l w ith
A g  m e a s u rin g  A d ju s ta b le
e le c tro d e  and b a ck in g  o ff
H g /H g 2 S0 4  r e f .  e .m . f .  o f
e le c tro d e  (s a lt + 1 , 2  v
b r id g e  o m itte d )
(a) C ir c u i t  used fo r  p o te n tio m e tr ic  t i t r a t io n s  o f c h lo r id e  
io n  in  c h ro m ic  a c id  e le c tro ly te s .
s tra ig h t p o r t io n
e le c tro d e
p o te n tia l
end p o in t
t im e  p ro p o r t io n a l to  
vo lu m e  A g+ added.
2  m l 4 m l
(b) T y p ic a l p o te n tia l -  t im e  ( t i t ra n t  vo lu m e ) cu rve
F ig u re  7. 3 : C ir c u it  and P o te n tia l -  T it r a n t  C u rve  jfo r  P o te n t io m e tr ic
T i t r a t io n  o f C h lo r id e  Ion .
W ith  A C B  e le c tro ly te s , sa tu ra te d  w ith  b a r iu m  d ic h ro m a te ,
(pH c ir c a  O) in c re a s in g  the pH to  pH 3 re s u lte d  in  heavy p re c ip ita t io n  
o f b a r iu m  ch ro m a te . A lth o ug h  th is  d id  not appear to  a ffe c t the 
s e n s it iv i ty  o f the  m ethod, the  heavy p re c ip ita t io n  co u ld  be g re a t ly  
reduced  by  a d ju s tin g  the pH o f the  e le c tro ly te  to  o n ly  2 .5 ,
H av ing  d em ons tra ted  th a t the  m ethod cou ld  g ive  a ccu ra te  
•and re lia b le  m e asu rem en ts  o f lo w  c h lo r id e  io n  co n ce n tra tio n s  in  
c h ro m ic  a c id  e le c tro ly te s , m easurem en ts  w ere  made on a n u m be r 
o f e le c tro -c h ro m a tin g  e le c tro ly te s  w h ich  had been used in  la b o ra to ry  
w o rk . The re s u lts  o f these m easu rem en ts  a re  g iven  in  T ab le  7 .4 .
The re s u lts  shown in  T ab le  7. 4 c o n f irm  the e a r l ie r  o b s e rv a ­
t io n  th a t c h lo r id e  ions p re se n t in  the e le c tro ly te  a re  lo s t  d u r in g  use 
o f the  e le c tro ly te . T hey a lso  show th a t an e le c tro ly te  can ga in , o r  / 
accum u la te  c h lo r id e  ions by  the c a r r y -o v e r  o f ions  on the  w o rk  
pane ls a fte r  h y d ro c h lo r ic  a c id  d ips ( in  sp ite  o f in te rm e d ia te  w a te r 
r in s e s ) ,  and by  to p p in g -u p  w ith  m a ins  w a te r. ,
165.
Table 7 .4
R esu lts  o f C h lo r id e /Io n  C on ce n tra tio n  M easurem en ts  in  E le c t r o -
c h ro m a tin g  E le c tro ly te s
E le c tro ly te
Sample
C h lo r id e  Ion C o n ce n tra tio n  <
Added M easured  1
A 0. 37 m M 0 .8  m M  j 28 ppm
B 0 0 .02  m M 0. 7 ppm
C 1 . 5 m M 0 . 6  m M 2 1  ppm
D 0 0 .4 4  m M 16 ppm
E i 0 /5  m M < 1  0. 04 m M * £ 1 . 4  ppm
E 2
1 .0  m M 0. 04 m M 1 .4  ppm
2 .0  m M 1.36 m M 48 ppm
E 4 5 .0  m M 3 .1  m M 1 1 0  ppm
m a in s  w a te r 0 .3  m M 10. 5 ppm
E le c tro ly te  A : l i t t le -u s e d  e le c tro ly te  o r ig in a l ly  made up, and
re g u la r ly  topped-up , w ith  m a in s  w a te r.
E le c tro ly te  B : e le c tro ly te  made up in  de ion ised  w a te r. C h lo r id e
c a r r ie d  o ve r b y  spec im ens fro m  a c id -d ip  and w a te r 
r in s e  s tages.
E le c tro ly te  C: m ade up to  1. 5 m M  C l ,. but h e a v ily  used.
E le c tro ly te  D : e le c tro ly te  m ade up w ith  de ion ised  w a te r and used
fo r  a lo n g  t im e ; c h lo r id e  accum u la ted  f r o m  th a t 
c a r r ie d  o v e r b y  washed, h y d ro c h lo r ic  a c id  d ipped 
pane ls .
E le c tro ly te  E : used e le c tro ly te s  m ade up o r ig in a l ly  to  s ta ted
c h lo r id e  io n  c o n ce n tra tio n s .
(v ) In v e s tig a tio n  o f the Rate o f L oss  o f C h lo r id e  Ions fro m  a 
C h ro m ic  A c id  E le c tro ly te  D u r in g  Use ^
E x p e r im e n ts  w ere  c a r r ie d  out to  re la te  the ra te  o f lo ss  o f 
c h lo r id e  ions  to  the in i t ia l  co n ce n tra tio n  o f e h lo r id k  ions and to  the 
am ount o f charge  passed a t a ty p ic a l o p e ra tin g  c u r re n t d e n s ity .
A  c e ll  hav ing  a 2 l i t r e  e le c tro ly te  vo lu m e , and a lead  anode
and s te e l cathode o f a c tive  ( i . e .  fa c in g , im m e rs e d ) su rfa ce  a reas  
2o f 150 cm  w ere  used. The A C B  e le c tro ly te  (1 M  C r 0 3  + excess
B a(O H ) 2 8H 2 0 )  was made up to  a 5 m M  C l”  co n ce n tra tio n  w ith  HC1,
and tre a tm e n ts  w e re  app lied  at a c u r re n t o f 30A, re p re s e n tin g  a
2c u r re n t d e n s ity  o f 200 m A /c m  . U s ing  the sam e s te e l cathode
th ro u g h o u t, c u r re n t was passed fo r  p e r io d s  o f 333 seconds to  g ive
4 5
1 0  cou lom b in te rv a ls  in  the passage o f a to ta l charge o f 1 0  cou lom b .
50 m l sam p les w e re  rem oved  fro m  the e le c tro ly te  fo r  c h lo r id e  
ion  a n a lys is  a f te r  each 10 ,000 cou lom b tre a tm e n t. The re m o v a l o f 
sam p les  n e c e s s a r ily  re s u lte d  in  a p ro g re s s iv e  decrease  in  e le c tro ly te  
vo lu m e  (and to ta l c h lo r id e  io n ) and a p ro g re s s iv e  in c re a se  in  c u r re n t  
d e n s ity .
The re s u lts  o f the c h lo r id e  ion  m e a su re m e n ts  (m ade on 25 m l 
o f the 50 m l  sam p le ) a re  g iven  in  T a b le  7 .5 .
Table 7. 5
R esu lts of Chloride Ion M easurem ents
C harge
Passed
1 0 3
cou lom bs
C u rre n t
d e n s ity
m A /c m ^
E le c tro ly te
vo lum e
1
C l io n  
c o n c ( l* )  
m M
C l io n
lo s t ( l * )
m gE
C l ion  
conc(2 * )  
m M
0 2 0 0 2 . 0 0 5.13 0 5 .10
1 0 205 1 .95 5 .00 0 .254 4 .96
2 0 2 1 0 1 .90 4 .7 3 0.76 4. 58
30 , 216 1 .85 4 .18 ■1.76 3 .83
40 2 2 2 1 .80 3.86 2. 33 3. 38
50 228 1 .75 3.16 3 .53 2 .8 5
60 235 1 .70 2 .72 4 .28 2 .5 2
70 242 1 .65 2 .28 5 .01 2 .08
80 250 1 .60 1 v8 5 5 .70 1 .7 4
90 258 1. 55 1 .50 6 . 24 1 .28
1 0 0 266 1 .50 1 .24 6 .6 3 1. 17
*  C h lo r id e  io n  m ea su rem e n ts  on sam p le  1 m ade on fre s h  
sa m p le , on sam p le  2  m ade a fte r  one w eek ’s s tand ing .
The change in  c h lo r id e  io n  c o n c e n tra tio n  is  shown p lo tte d  
aga ins t c u r re n t passed in  F ig u re  7 .4 , and the c u m u la tiv e  lo s s  o f 
c h lo r id e  io n  f ro m  the e le c tro ly te  due to  the  passage o f c u r re n t 
( i.  e. e xc lu d ing  th a t re m o ve d  by  sa m p lin g ) is  p lo tte d  aga ins t c u r re n t  
passed in  F ig u re  7 .5 .
65
4
3
1
a
20 40 60 80 100 120 K  cou lom bs
charge  passed j 
F ig u re  7. 4 : R eduction  o f C h lo r id e  Ion  C on ce n tra tio n  in  E le c tro ly te
8 C l ’
m g equ iva len ts
M a x im u m  s lope  
0 .095  m g E /K C
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F ig u re  7. 5 : L o ss  o f C h lo r id e  Ion  fro m  E le c tro ly te
D iscu ssio n  .
The re s u lts  shown in  F ig u re s  7. 4 and 7. 5 show th a t th e re  
is  a m a rk e d  p ro g re s s iv e  lo s s  o f c h lo r id e  io n  f ro m  the e le c tro ly te  
d u r in g  the  passage o f c u r re n t .  The shape o f the  c u rve  in  F ig u re  7. 4 
is  not t r u ly  exponen tia l (as can be shown b y  p lo t t in g  the re s u lts  on lo g /  
l in e a r  g raph  p a pe r), and thus the ra te  o f lo s s  o f c h lo r id e  io n  is  not 
p r in c ip a l ly  d e te rm in e d  b y  the c h lo r id e  io n  c o n ce n tra tio n . The 
a p p ro x im a te ly  s tra ig h t l in e  g raph  in  F ig u re  7. 5, at le a s t betw een 
2 and 4 m M  c h lo r id e  io n  c o n ce n tra tio n s , suggests th a t the ra te  o f 
lo s s  is  c o n tro lle d  p r in c ip a l ly  by  the d u ra tio n  o f e le c tro ly s is  i . e .  by 
the to ta l cha rge  passed. The ra te  o f lo s s  m ig h t a lso  be expected to  
be dependent on the  e le c tro d e  p o te n tia l, but s ince  the c u r re n t d e n s ity  
d id  not v a ry  g re a t ly , the  e le c tro d e  p o te n tia ls  cou ld  be expected to  
have re m a in e d  a p p ro x im a te ly  constan t th ro u gh o u t the  e x p e r im e n t.
(v i)  In v e s tig a tio n  "of the  cause o f lo s s  o f C h lo r id e  Ion
The fo llo w in g  p o ss ib le  causes fo r  the  observed  lo s s  o f c h lo r id e
io n  f ro m  the  c h ro m ic  a c id  e le c tro ly te  w e re  co n s id e re d
' • *
1 . p re c ip ita t io n
i
2 . e va po ra tio n
H" -H "3. co m p le x in g  w ith  C r
4. o x id a tio n  at the  anode
, The only ions conceivably p resen t in the e lec tro ly te  which
!
have in s o lu b le  c h lo r id e s  a re  lea d  ions  d e riv e d  f ro m  the anode.
H ow eve r, the  s o lu b i l i ty  p ro d u c t o f lead  ch ro m a te  is  m uch lo w e r 
than  th a t o f lea d  c h lo r id e , and thus a co n c e n tra tio n  o f le a d  ions 
s u ff ic ie n t ly  h igh  to  p re c ip ita te  the  c h lo r id e  co u ld  not be re ached .
E v a p o ra tio n  o f the  c h lo r id e  io n  as HC1 was u n lik e ly  due to
( i)  the  lo w  co n ce n tra tio n s  o f c h lo r id e  in vo lve d , ( i i )  the  h igh  s o lu b il i ty  
o f HC1, and ( i i i )  the  com p le te  d is s o c ia tio n  o f HC1 in to  io n s . H ow e ve r, 
any such an e ffe c t w ou ld  be tim e -d e p e n d e n t and independent o f e le c t ro ­
ly s is ,  and s im p le  te s ts  w ere  c a r r ie d  out to  e lim in a te  th is  p o s s ib le  
cause.
C om p lex ing  o f the  c h lo r id e  io n  in to  a n o n - io n ic  fo rm  cou ld  
o ccu r by such re a c tio n s  as : -
[Cr(ni)6H 2o ]  +++ + Cl" —> jcr(III) Cl 5H20~] ++*  + HgO
T h e re  is  an e q u il ib r iu m  co n c e n tra tio n  o f c h ro m ic  ions  in  the e le c tro ly te  
con troH ed  by  the ne t e ffe c t o f g ene ra tio n  o f c h ro m ic  ions  a t the  ca thode, 
and re -o x id a t io n  o f the c h ro m ic  ions  at the  le a d  anode.
The re a c tio n .a s  shown is  tim e -d e p e n d e n t, due to  the  s lo w  ra te  
o f such re a c tio n s  o f c h ro m iu m  c o -o rd in a t io n  co m p le xe s . I t  co u ld , 
how eve r, be e le c tro ly s is  dependent by  a re a c tio n  such as : -
171.
jcr(IH ) 6H Oj
C r(V I) — >  C r(m )
(C athod ic re d u c tio n )
lcr(HI) C l  5H2o]j
in  w h ich  c h lo r id e  ions  com pete  w ith  w a te r m o le cu le s  to  fo rm  a 
co m p le x  w ith  the  fre s h ly -g e n e ra te d  c h ro m ic  io n  a t the cathode.
L o ss  o f c h lo r id e  io n  b y  anodic o x id a tio n  to  c h lo r in e  at the  
le a d  anode w ou ld  account s a t is fa c to r i ly  fo r  the observed  lo s s  o f
e x e m p lif ie d  by the need to  keep c h lo r id e  ions  (e. g. s e a -w a te r)  out 
o f le a d -a c id  a c c u m u la to rs , to  avo id  the fo rm a tio n  o f c h lo r in e  gas.
T e s ts  w e re  c a r r ie d  out to  d e te rm in e  by  w h ich  o f these 
p o ss ib le  m echan ism s the c h lo r id e  io n  was lo s t .
T e s t fo r  lo s s  b y  e va po ra tio n
Tw o sam p les o f id e n tic a l 1 M  C rO  e le c tro ly te  co n ta in in g  
added c h lo r id e  io n  w e re  p laced , one in  an open b e a ke r, and the 
o th e r in  a s toppe red  f la s k . A f te r  7 days s tand ing , and a fte r  m a k in g  
good the w a te r lo s t by  eva po ra tio n , the  c h lo r id e  io n  c o n c e n tra tio n  
o f each sam p le  was m e a su re d . The re s u lts  w ere  in  good
■ i
as shown in  T ab le  7 . 6 .
c h lo r id e  io n . Such o x id a tio n  p ro cesse s  a re  w e ll known, as
Table 7 .6
Sam ple
C h lo r id e  Ion C once n tra tio n
E xposed sam ple E nc losed  sam ple
E le c tro ly te  1 3 .65  m M 3.65  m M
E le c tro ly te  2 5 .1  m M 5 .2  m M
T e s t fo r  lo s s  by com p le x ing  w ith  C r ( I I I )
The re s u lts  in  T ab le  7. 5 show c h lo r id e  ion  m e a su re m e n ts  on 
the used e le c tro ly te  sam p les m ade ( i)  w ith in  an h o u r o f ta k in g  the 
sam p le , and ( i i )  a f te r  7 days. The d iffe re n c e s  between the tw o  s e r ie s  
o f re s u lts  a re  o n ly  s lig h t: v e ry  m uch  g re a te r  d if fe re n c e s  w ou ld  have 
been expected had the m e asured  lo s s  o f c h lo r id e  ion  been due to  d is ­
p lacem en t o f w a te r  fro m  h yd ra ted  c h ro m ic  com p lex  io n s .
I f  the  com p lex ing  w ith  C r ( I I I )  o c c u rre d  on fo rm a tio n  o f the
c h ro m ic  io n  a t the  cathode, the c h lo r id e  io n  lo s s  w ould  be expected
to  be assoc ia ted  w ith  the ca th o ly te . T h is  was tes ted  by c a r ry in g  out
the e le c tro ly s is  in  a d iv id e d  c e ll ,  and te s tin g  fo r  lo s s  o f c h lo r id e  ion
in  the ca th o ly te . The c e ll used is  shown in  F ig u re  7. 6 . I t  was
odesigned to  be used at the sam e c u r re n t d e n s ity  (200 m A /c m  ) and
3"C o u lom b  d e n s ity "  (5 c o u lo m b s /c m  e le c tro ly te )  as w e re  used in
s te e l cathodelea d  anode
porous
p la s t ic  • 250 m l
ca th o ly te
250 m l 
ano ly te
D iv id e d  C e llF ig u re  7. 6
0
the la rg e r  2 l i t r e  c e ll.  The im m e rs e d  su rfa ce  a rea  o f each e le c tro d e  
2w as 20 cm  , the c u r re n t used was 4A, and the c e ll  was ru n  fo r  tw o 
p e rio d s  o f 625 seconds, i . e .  fo r  the passage o f 2 ,500  cou lom bs 
(e q u iva le n t to  1 0  k. cou lom bs fo r  a 2  l i t r e  c e ll) .
T e s t fo r  lo s s  by anodic o x id a tio n
L o s s  o f  c h lo r id e  ion  by anodic o x id a tio n  w ou ld  o c c u r o n ly  in  
the a n o ly te . T h is  was tes ted  us in g  the sam e d iv id e d  c e ll e x p e r im e n t 
as was used to  m e a su re  any lo s s  o f c h lo r id e  ion  f ro m  the ca th o ly te . 
F o r  bo th  te s ts , c h lo r id e  ion  m e a su re m e n ts  w e re  m ade on the  e le c t ro ­
ly te  b e fo re  f i l l in g  the tw o ha lves  o f the c e lls ,  and again on sam p les  
rem oved  f ro m  each h a lf - c e l l  a f te r  the passage o f 2500 and 5000 
cou lom bs. The re s u lts  a re  g iven  in  T ab le  7 .7 .
T a b le  7. 7
C oulom bs Passed
C h lo r id e  Ion  C on ce n tra tio n
A n o ly te C a tho ly te
0 /
2500
5000
4. 9( 
4 .18  m M  
3 .27  m M
5 m M
4. 95 m M  
4. 96 m M
These te s ts  c le a r ly  dem ons tra ted  th a t the c h lo r id e  io n  co n - 
c e n tra tio n  was no t dep le ted  a t a s ig n if ic a n t ra te  b^  co m p le x in g  w ith
c h ro m ic  ions o r  by any o th e r p rocess  assoc ia ted  w ith  the ca thod ic  
re d u c tio n  re a c tio n ; the c h lo r id e  ion  co n ce n tra tio n  was reduced 
s ig n if ic a n t ly  and p ro g re s s iv e ly  in  the an o ly te . The m echan ism  o f 
the lo s s  is  n o t assoc ia ted  w ith  the e le c tro ly te  i t s e l f  bu t w ith  the  
anode p ro ce ss , and the m o s t l ik e ly  p rocess  o f the lo ss  is  by o x id a ­
t io n  o f the ion  to  c h lo r in e  gas, as a lre a d y  suggested, o r  to  an o xy - 
h a lid e  ion .
The m easured  c h lo r id e  ion  lo s s  re p re se n te d  an o v e ra l l  ra te
q
o f lo s s  o f 0 .086 m g e q u iv a le n ts / 1 0 cou lom bs, w h ich  com pares  w ith
3the m a x im u m  ra te  o f lo s s  o f c h lo r id e  o f 0. 095 m g e q u iv a le n ts /1 0 
cou lom bs found in  the e xp e rim e n ts  in  the la rg e r  ( 2  l i t r e )  c e ll.
( v i i )  E x a m in a tio n  o f the e ffe c t o f lo w  co n cen tra tio n s  o f o th e r 
an ions on the f i lm - fo rm in g  c h a ra c te r is t ic s  o f a c h ro m ic  
ac id  e le c tro ly te
The f i lm - fo r m in g  c h a ra c te r is t ic s  o f 1 M CrOg e le c tro ly te s  
w ith  fo re ig n  anions added w ere  s tud ied  by co m p a rin g  the  th ic kn e ss
o f f i lm s  (m easured  in  te rm s  o f o x id is a b le  C r ( I I I )  and in te r fe re n c e
c o lo u r) fo rm e d  by  a range o f s tandard  e le c t ro ly t ic  tre a tm e n ts .
The ions exam ined w e re :-  
c h lo r id e  (added as HC1)
0
b ro m id e  (added as K B r)
iod ide  (added as K I)
su lphate  (added as H^SO^)
f lu o r id e  (added as K F )
a l l  except H 2 SO4  a t 2 m M  co n ce n tra tio n s .
H 2 SO4  a t 1 m M  co n ce n tra tio n .
10_cm x lO cm  s te e l panels w ere  f i r s t  p rec leaned  |oy ca thod ic  
a lk a l i  c lea n ing , and an ac id  d ip  in  1 N HNOgi th e y  w e re  then washed 
and w iped c lean , and r in s e d  in  de ion ised  w a te r . jT h e  panels w ere  next 
c a th o d ic a lly  tre a te d  in  a 250 m l c e ll  fo r  30 seconds us ing  c u r re n t den- 
s it ie s  o f 50, 100 and 200 m A /c m  . T re a tm e n ts  w e re  m ade in  in c re a s ­
ing  o rd e r  o f c u r re n t d e n s it ie s , to  m in im is e  the e ffe c ts  o f anod ic  o x id a ­
t io n  o f the h a lide  ions .
One im m e d ia te  e ffe c t observed  was the spontaneous o x id a tio n  
o f som e o f the KI s o lu tio n  on a d d itio n  to the 1 M CrOg e le c tro ly te  be­
fo re  the e le c t ro ly t ic  tre a tm e n ts  w e re  s ta rte d . The re s u lts ,  in c lu d in g  
those fro m  a s e r ie s  p repa red  w ith  no a d d itio n a l io n s , a re  g iven  be low  
in  T ab le  7 .8 .
The f lu o r id e  ion , because o f i ts  m uch  h ig h e r o x id a tio n  p o te n tia l 
com pared  w ith  the c h lo r id e  io n , was p o te n tia lly  o f g re a te r  p ra c t ic a l 
va lue  as a ch ro m a te  f i lm - fo rm in g  c a ta ly s t. The e ffe c t o f in c re a s in g  
co n ce n tra tio n  on f i lm  th ickn e ss  was th e re fo re  m e a su re d , and the r e ­
s u lts , com pared  w ith  the equ iva le n t re s u lts  fo r  c h lo r id e  (taken  f ro m  
T a b le  7. 3) a re  g ive n  be low  in  T ab le  7 .9 .
v
2A  30 second, 200 m A /c m  ca thod ic  tre a tm e n t in  1 M  C rO g 
was used, w ith  n i t r ic  ac id  p re c le a n in g  as d e sc rib e d  b e fo re .
'Table 7 .8
Chrom ate F ilm  T h ick n esses Obtained with D ifferent Anion Additions
E le c tro ly te  
Ions added
C u rre n t D e n s ity  
m A /c m ^
...-------- -- —  , —,
T h ickn e ss  o f F i lm s  
(30 sec tre a tm e n t)
In te rfe re n c e
C o lo u rs
o
m e /c m  
C r ( I I I )
none 50 <£ 1 5 .4
1 0 0 1 8
.... 2 0 0 6 21
2m M  C l” 50 4 2 0 , 25
1 0 0 1 0 4 7 .5 *  27
2 0 0 1 2 44
2m M  B r “ 50 2 (3) 3 .2 , (15)
1 0 0 3 (4) 1 5 ( 1 8 , 1 9 ) .
2 0 0 4 - 5 20.5
2 m M  I " 50 3 10. 5
1 0 0 4 17
2 0 0 8 - 9 28
Im M  S 0 4" “ 50 1 7 .5
1 0 0 3 (4) 7 .8  ( 22 -74* )
2 0 0 4 (5, 6 , 7) 2 2
2 m M  F " 50 4 (5)
1 0 0 (4) 5 ( 6 , 7)
2 0 0 10 (9)
*T h e se  panels showed a reas  hav ing  a d if fe re n t type  o f ch ro m a te  f i lm  -
p ro b a b ly  con ta in ing  a p ro p o rt io n  o f m e ta l l ic  c h ro m iu m . These  a re as  
gave m uch  h ig h e r va lues  fo r  the e le c t ro m e tr ic  C r  m e a su re m e n ts .
Table 7 .9
C o m p a riso n  o f e ffe c ts  o f C h lo r id e  and F lu o r id e  A d d it io n s
Io n ic  (added) 
co n ce n tra tio n
F i lm  th ic kn e ss  (co lou 'r sca le )
F lu o r id e C h lo r id e
0 .1  m M  
0. 2 m M
0. 5 m M
1. 0 m M
2. 0 m M  
5. 0 m M
4 - 7  
8 (9)
8 - 9  
10 (9 ) 
B ro n ze  f i lm *
3 - 1
j 1 (3)
\
1 - 3 ,  5 - 6
9
10 -  11
*  th is  ch ro m a te  f i lm  was a n o n -tra n s p a re n t f i lm  o f a 
d if fe re n t type  f r o m  th a t n o rm a lly  ob ta ined, p ro b a b ly  due 
to  the p resence  o f m e ta ll ic  c h ro m iu m .
D iscu ss io n
The s im p le  c a ta ly t ic  e ffe c t on ch ro m a te  f i lm  d e p o s itio n  
ob serve d  fo r  the  c h lo r id e  io n  was c o m p lic a te d  by  o th e r e ffe c ts  fo r  
the o th e r ions  exam ined , a lthough, w ith  the excep tion  o f the  su lpha te  
io n , som e c a ta ly s is  o f f i lm  depo s itio n  was obse rved  when co m p a re d  
w ith  the re s u lts  ob ta ined  in  u n a d u lte ra te d  c h ro m ic  a c id  e le c tro ly te s . 
The su lpha te  ion , not unexpected ly , induced  som e c h ro m iu m  m e ta l
d e po s ition  at the 1 m M  co n ce n tra tio n , and the f lu o r id e  io n  s im ila r ly ,  
at the  5 m M  c o n c e n tra tio n . Iod ides , and to  a le s s e r  exten t b ro m id e s , 
w ere  u n s a tis fa c to ry  c a ta ly s ts  because o f the  g re a te r  ease w ith  w h ich  
th e y  w e re  o x id ise d . A p a r t f r o m  the  f lu o r id e  io n  at lo w  co n ce n tra tio n s , 
the  c h lo r id e  io n  showed the  g re a te s t c a ta ly t ic  e ffe c t, and is  th e re fo re  
the  p re fe r re d  io n  fo r  the  c a ta ly s is  o f ox ide  f i lm  dep o s itio n .
CONCLUSIONS
1. C h lo r id e  ion s , p re se n t at lo w  co n ce n tra tio n s  in  the A C B  
e le c tro ly te , e x e rt a " c a ta ly t ic "  e ffe c t on the  e le c tro -c h ro m a te  
f i lm - fo r m in g  p ro c e s s . T h is  re s u lts  in  a m a rke d  im p ro v e ­
m en t in  the  ca thod ic  e ff ic ie n c y  o f the  f i lm - fo r m in g  re a c tio n , 
as shown by  (i) th ic k e r  f i lm s  be ing  ob ta ined  unde r g iven  
tre a tm e n t co n d itio n s  (of t im e  and c u r re n t d e ns ity ), and
( i i)  f i lm  fo rm a tio n  be ing  p o ss ib le  at reduced  c u r re n t 
d e n s itie s , as com pare d  w ith  c h lo r id e - f re e  e le c tro ly te s .
2. The " c a ta ly t ic "  e ffe c t o f c h lo r id e  ions  im p ro v in g  the 
e ff ic ie n c y  o f ca thod ic  ch ro m a te  f i lm  fo rm a tio n , in c re a s e s  
w ith  in c re a s in g  c h lo r id e  io n  co n c e n tra tio n  in  the  e le c tro ly te ,  
o ve r the  range  0 -  2 o r 3 m M . A t the  h ig h e r c o n c e n tra t io n s , 
the  n a tu re  o f the  f i lm  changes, w ith  what is  b e lie ve d  to  be 
m e ta ll ic  c h ro m iu m  p re se n t in  the f i lm .
P o la r is a t io n  s tud ies  showed th a t the  c u r re n t d e n s ity  (and 
o v e r-p o te n tia l)  n e ce ssa ry  fo r  the  f i lm - fo rm a t io n  p a s s iv a ­
t io n  step to  o ccu r was p ro g re s s iv e ly  reduced  w ith  in c re a s ­
in g  co n ce n tra tio n s  o f c h lo r id e  ions  in  the  e le c tro ly te . The 
k inetic jsTof th is  stage becom e m o re  co m p lex  at the  j i ig h e r  
c h lo r id e  io n  c o n ce n tra tio n s .
j
C h lo r id e  io n s , when added to  a c h ro m ic  a c id  e le c tro ly te , 
a re  p ro g re s s iv e ly  lo s t  d u r in g  e le c tro ly s is .  T h is  lo s s  is  
assoc ia te d  w ith  the o x id a tio n  re a c tio n s  at the lea d  anode, 
and can be a ttr ib u te d  to  o x id a tio n  o f the c h lo r id e  io n  to  
c h lo r in e  gas (o r to  an o x y -a n io n ).
O the r h a lid e  io n s , and su lpha te  io n s , tend  to  show a s im i la r  
" c a ta ly t ic "  e ffe c t to  th a t ob served  m th  c h lo r id e  io n s . 
H o w e ve r, s ide  e ffe c ts , such as e. g. o x id a tio n  o f 1 “  to  I ^ 
b y  c h ro m ic  ac id , and a c tio n  as "c a ta ly s ts "  fo r  c h ro m iu m  
m e ta l d e po s itio n  by  su lpha te  and f lu o r id e  ion s , p re v e n t a 
d ire c t  co m p a riso n .
The a d d itio n  o f lo w  co n ce n tra tio n s  (e. g. 2 m M ) o f c h lo r id e  
ions  'to the A C B  e le c tro ly te  is  a p ra c t ic a l and w o rth w h ile  
m ethod  o f in c re a s in g  the o th e rw is e  v e ry  lo w  ch ro m a te  
f i lm - fo r m in g  e ff ic ie n c y . Subsequent c o n tro l o f the c h lo r id e  
io n  c o n c e n tra t io n  is  n e ce ssa ry .
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PART 8 P E R FO R M A N C E  OF E L E C T R O -C H R O M A T E D  S T E E L  
W IT H  AND W IT H O U T  ORGANIC COATINGS
8.1  G E N E R A L  P E R FO R M A N C E  P R O P E R TIE S  •
IN TR O D U C T IO N  '
The o b je c t o f d e po s itin g  a ch ro m a te  f i lm  on s te e l was to  
ach ieve  s im i la r  im p ro ve m e n ts  in  c o r ro s io n - re s is ta n c e  p ro p e r t ie s  
to  those ach ieved w ith  ch ro m a te  p a ss iva tio n  tre a tm e n ts  and c h ro ­
m ate  co n ve rs io n  coa tings on n o n - fe r ro u s  m e ta ls . The p r in c ip a l 
im p ro v e m e n ts  to  be obta ined a re  ( i)  g re a te r  re s is ta n ce  to  a tm o s ­
p h e r ic  c o r ro s io n , and ( i i )  a g e n e ra l im p ro v e m e n t in  c o rro s io n  
re s is ta n c e  and o v e ra ll p e rfo rm a n ce  w ith  o rg a n ic  coa tings . ■ ;
T e s ts  w e re  c a r r ie d  out on s te e l tre a te d  by the A C B  e le e tro -  
ch ro m a te  p ro ce ss , to in ve s tig a te  the e ffe c ts  the ch ro m a te  f i lm  has 
on the fo llo w in g  p ro p e rtie s : -
( i)  C o rro s io n  re s is ta n c e  o f tre a te d  s te e l (w ith o u t an o rg a n ic  co a ting ).
( i i )  C o rro s io n  re s is ta n c e  o f tre a te d  s te e l coated w ith  a "p a in t"  * .
( i i i )  C o rro s io n  re s is ta n c e  o f tre a te d  s te e l coated w ith  a " la c q u e r "  * .
*  " P a in t"  is  used in  th is  con text to  d e sc rib e  an o rg a n ic  co a ting
designed fo r  p ro te c tio n  aga ins t ou td o o r a tm o sp h e ric  e n v iro n m e n ts . 
"L a c q u e r"  is  s im i la r ly  used to  d e s c r ib e  an o rg a n ic  coa ting  de ­
signed fo r  p ro te c tio n  aga inst a w ide  v a r ie ty  o f c o r ro s iv e  c h e m ic a ls .
( iv )  A dhes ion  o f la cq u e rs  to tre a te d  s te e l.
(v ) F le x ib i l i t y  o f la c q u e rs  on tre a te d  s te e l.
In  g e n e ra l, the p ro p e r t ie s  to  be m easured  could not be . 
de fined in  p re c is e  p h y s ic a l te rm s  and consequen tly  e m p ir ic a l 
te s ts  w e re  used fo r  th is  p a r t o f the w o rk .
E X P E R IM E N T A L
T e s t P ro ce d u re s
( i)  C o rro s io n  re s is ta n c e  w ith o u t o rg a n ic  coa tings
A  continuous s a lt sp ra y  te s t was used. The te s t was essen­
t ia l l y  s im i la r  to  the B r i t is h  S tandard ^ 9 )  and D .E .F .  s a lt s p ra y
te s ts . S yn the tic  s e a -w a te r, made up f ro m  B .D .H .  sea w a te r  ta b le ts , 
was used, and (c o n tra ry  to  the s p e c if ic a tio n s ) th is  was c o n tin u a lly  r e ­
c irc u la te d , be ing  renewed, o n ly  when con tam ina ted  by ru s t .
( i i )  C o rro s io n  re s is ta n c e  w ith  o rg a n ic  coatings
The continuous s a lt s p ra y  te s t was a lso  used in  th is  w o rk , 
bu t i t  was n e ce ssa ry  to 'p ro lo n g  the te s t  fo r  m any weeks in  o rd e r  
to  show d iffe re n c e s  in  c o rro s io n  b e h a v io u r. T o ta l im m e rs io n  te s ts  
in  s yn th e tic  s e a -w a te r7w ere  a lso  used.. On co m p le tio n  o f the te s t, 
pane ls w e re  exam ined fo r  ru s t ,  u n d e r f i lm  a tta c k  sp read ing  f ro m  a 
c ro s s -c u t in i t ia l ly  m ade in  the pa in t f i lm ,  b l is te r in g ,  and adhesion
fa i lu re s  o f the o rg a n ic  coa ting . U n d e r f i lm  c o rro s io n  was exam ined 
by re m o v in g  the o rg a n ic  f i lm  w ith  a p ro p r ie ta ry  p ^ in t s t r ip p e r .
( i i i )  A dhes ion  te s t
A lth o ug h  p h y s ic a l te s ts  a re  a v a ila b le  to  m easure  adhesion, 
e: g. pee l te s ts  and d ire c t  p u ll - o f f  te s ts , they  becom e qu ite  im p ra c ­
t ic a l  fo r  m e a su rin g  m any o f the v e ry  h igh  adhesive fo rc e s  assoc ia ted  
w ith  the .ACB p re tre a tm e n t.
The te s t found m o s t u s e fu l was one developed a t the P a s s fie ld  
R ese a rch  L a b o ra to r ie s . T h is  te s t co n s is ts  o f im m e rs in g  a d is c  
(55 m m  d ia m .) o f the  coated sam p le  in  a p ro p r ie ta ry  p a in t s t r ip p e r  
so lu tio n  (A p p lie d  C he m ica ls  Co. 8 -7 8 ), and no ting  the t im e  re q u ire d  
fo r  the  coa ting  to  l i f t  o f f  the s te e l. T h is  t im e  is  dependent on the 
p ro p e r t ie s  o f the la c q u e r, its  so lve n t re s is ta n c e , re s is ta n c e  to  
s w e llin g , and p e rm e a b ility ,  and is  a lso  dependent on the adhesion  
between the o rg a n ic  coa ting  and the s te e l. The p a in t s t r ip p e r  is  
be lie ved  to  ac t by  p e rm e a tin g  in to  the o rg a n ic  f i lm ,  and s w e llin g  i t  
to  such an ex ten t th a t f i lm -s w e ll in g  fo rc e s  exceed fi lm -b o n d in g  
fo rc e s  and the f i lm  e ve n tu a lly  l i f t s .  B y  us ing  a s tandard  o rg a n ic  
coa ting , " c u re d "  u n d e r s ta nd a rd ise d  s tov ing  c o n d itio n s , the
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" s t r ip p e r  t im e "  becom es e ffe c t iv e ly  a m ea su re  o f re la t iv e  adhesion.
( iv )  F le x ib i l i t y  o f o rg a n ic  coatings
The f le x ib i l i t y  o f o rg a n ic  coa tings on d if fe re n t ly  p re - tre a te d
s te e l was com pared by a s te p -w is e  re v e rs e  im p a c t te s t. T h is , is
(51) (52)
id e n tic a l to  the B r i t is h  S tandard and M in is t r y  o f D efence
re s is ta n c e - to - im p a c t ( fa l lin g  w e ig h t) te s ts . I t  was used in  p re fe re n c e  
to  o th e r f le x ib i l i t y  te s ts  as i t  s im u la te d  m o re  c lo s e ly  the  type  o f 
im p a c t to  w h ich  fin is h e d  pa in ted  p ro du c ts  w ould  be sub jec ted . A  
w e igh ted  rod  w ith  a h e m is p e r ic a l end was a llow ed  to  fa l l  th ro u g h  
a fixe d  d is tance  on to  the re v e rs e  (unpa in ted) s ide  o f d is c  spec im ens 
f i r m ly  c lam ped in  the a p pa ra tu s . The depth  o f in d e n ta tio n  was a d ju s t­
ab le  in  m u lt ip le s  o f 0. 25 m m . The m a x im u m  in d e n ta tio n  the coated 
spec im ens could w iths tand  w ith o u t c ra c k in g  o f the coa ting  was re c o rd e d , 
the f in a l re s u lt  be ing  d e rive d  fro m  the average  o f re s u lts  taken  n e a r 
the p o in t o f fa i lu re .
In  a l l  te s t m e thods, a degreased s te e l pane l was inc luded  
w ith  the ch rom a ted  panels so th a t d ire c t  co m p a riso ns  cou ld5, be m ade 
aga ins t u n tre a te d  s te e l as a s tand a rd . T h is  p ro ced u re  obv ia ted  
v a r ia t io n s  w h ich  m ig h t have a r is e n  f ro m  d iffe re n c e s  in  a m b ie n t 
te m p e ra tu re s  fo r  s a lt sp ra y  and Mp a in t s t r ip p e r "  te s ts , b a tc h - to -  
ba tch  v a r ia t io n s  in  la c q u e rs , pa in ts  and pa in t s t r ip p e r  s o lu t io n s , 
and o th e r fa c to rs  beyond e x p e r im e n ta l c o n tro l.
M ateria ls used  in T ests
( i)  C hrom ated  s te e l : u n less  sta ted  o th e rw is e , ch rom a ted  by 
us in g  A C B  e le c tro ly te  (1 M  CrC>3 + b a r iu m  ch ro m a te ) w ith o u t o th e r 
added an ions.
( i i )  D egreased  s te e l : the sam e 1. 25 m m  co ld  reduced s te e l as 
used fo r  c h ro m a tin g , degreased in  tr ic h lo ro e th y le n e  va p ou r.
( i i i )  O rg a n ic  coa tings :
" P a in t"  -  A lk y d  p a in t w h ich  was app lied  as tw o coa ts , to  a 
f in a l th ickn e ss  o f 2 5 and cured  at 150°C .
"L a c q u e r"  -  E p o x y -p h e n o lic  la c q u e r w h ic h  was app lied  as 
tw o coats to  a f in a l th ickn e ss  o f 2 5 ^ im , and cured  a t 210°C . 
(P in c h in  Johnson P a in ts  L td . Type 2088 p igm ented e ith e r  
"G o lden  B ro w n "  o r  "R ed  O x id e ").
( iv )  P a in t s t r ip p e r  : A p p lie d  C he m ica ls  Co. Type 8 -7 8 , m a in  
co n s titu e n ts  be ing  m e thy lene  d ic h lo r id e  and pheno ls.
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R ESU LTS
( i)  C o rro s io n  R es is tance  (tre a te d  s tee l: no o rg a n ic  coa ting )
The re s u lts  o f the s a lt s p ra y  exposure  te s ts  on u n tre a te d  
and on A C B  c h ro m a te -tre a te d  s te e l a re  g iven  in  T ab le  8 .1 .
T a b le  8 .1  
Sa lt S pray R es is tance  (U ncoated)
■ M a te r ia l T im e Type o f F a ilu re
D egreased  s te e l 1 h o u r O v e ra ll ru s tin g  w h ich  p ro ­
g re s s iv e ly  in te n s if ie s .
A C B  ch rom a te 8 h o u rs * L ig h t ru s t  s ta in in g
tre a te d  s te e l (range  7 - 2 4  h rs )
2 days R us t s ta in in g  in te n s if ie s  and 
spreads to  m o s t o f s u rfa ce .
*T h e  t im e  to in i t ia l  fa i lu re  o f the A C B -tre a te d  s te e l v a r ie d  
a cco rd in g  to  the ch ro m a te  f i lm  th ic k n e s s , be ing lo n g e r fo r  
th ic k e r  f i lm s ,  and a lso  a cco rd in g  to  the ac id  p re tre a tm e n t, 
be ing  lo n g e r ( fo r  a g iven  f i lm  th ickn e ss ) fo r  the n i t r ic  a c id -  
p re tre a te d  s te e l sp e c im e n s .
( i i )  C o rro s io n  R es is tance  w ith  an A lk y d  P a in t
The re s u lts  o f the s a lt s p ra y  te s t c a r r ie d  out on c h ro m a te - 
tre a te d  and u n tre a te d  s te e l, pa in ted w ith  an a lkyd  p a in t, a re  g ive n  
in  T ab le  8 .2 .
Table 8. 2
S alt S pray R es is tance  -  W ith  A lk y d  P a in t
E xp o su re
T im e
D egreased  S tee l C hrom ated  S teel
2 m onths 
7 m onths
N um erous s m a ll b l is te rs  
developed o v e r su rfa ce . 
R usting /and  b lis te r in g  at 
c ro s s -c u t .
C oating  to ta l ly  des tro yed  
o v e r about 75% o f the s u r ­
face . H eavy g e n e ra l 
ru s tin g .
A  few  v e ry  s m a ll b l is te rs  ; 
developed.
R us ting  confined to  m e ta l 
exposed a t c ro s s -c u t.
The sam e few s n ja ll b l is te r s ,  
and som e fin e  b lis te r s  ad ­
ja c e n t tcj the c ro s s -c u t .  
R us tin g  confined to  c ro s s -c u t .  
P a in t s t i l l  in  good co n d itio n . 
No lo s s  o f adhesion.
( i i i )  C o rro s io n  R es is tance  w ith  an E p o x y -P h e n o lic  L a c q u e r
The re s u lts  o f the s a lt s p ra y  exposure  te s t on ch ro m a te  -  
tre a te d  and u n tre a te d  s te e l coated w ith  an e p o xy -p h e no lic  la c q u e r 
a re  shown in  T ab le  8. 3.
Table 8. 3
S alt S pray R es is tance  -  W ith  E p o x y -P h e n o lic  L a c q u e r
E xposu re
T im e
D egreased  S tee l
\
i
C hrom ated  S teel
4 m onths R us ting  confined to  m e ta l 
exposed at c ro s s -c u t.  
A lm o s t to ta l adhesion 
fa i lu re  ( la c q u e r f i lm  could 
be l i f te d  o f f  the s te e l).
R us ting  confined to  c ro s s ­
cu t.
No b lis te r in g .
No lo s s  o f adhesion.
The good p e rfo rm a n ce  shown in  the tab le  was obta ined on !
s te e l tre a te d  to  g ive  both th ic k  and th in  ch ro m a te  f i lm s ,  and in  the 
absence o f any fa ilu re s  be ing shown up in  th is  te s t, i t  was im p o s s ib le  
to  d is t in g u is h  between the  im p ro v e m e n t gained by .ligh t and heavy 
ch rom a te  f i lm s .
( iv )  R e su lts  o f A dhes ion  T e s t j
T y p ic a l re s u lts  o f s t r ip p e r  re s is ta n c e  te s ts  on tre a te d  and
u n tre a te d  s te e l, coated w ith  tw o coats o f the s tandard  e p oxy -p h e no lic
la c q u e r, a re  g iven  in  T ab le  8 .4 .
Table 8 .4
L a c q u e r A dhes ion  (S tr ip p e r  R es is tance ) R esu lts
M a te r ia l T im e  fo r  la c q u e r to  l i f t  o ff
D egreased  S tee l 3 - 5  m in u tes
A C B  ch ro m a ted  s tee l: 
th in  ( th ickn e ss  *  1 -  3) 
m e d iu m  (th ickn e ss  3 - 5 )
th ic k  (th ickn e ss  6 -  10*)
________........ ’ .................................
30 m in s  -  3 h r  s.
3 h rs  -  12 h rs .  
24 h rs  -  3 days.
^ th ic k n e s s  f ig u re s  re fe r  to c o lo u r sca le  ( r e fe r  to
T a b le  5. 3). ■ \
In  a d d itio n  to  the in c re a se  in  s t r ip p e r  t im e  noted fo r  the la c q u e r
on in c re a s in g ly  h e a v ie r ch ro m a te  f i lm s ,  the m ode o f fa i lu re  v a r ie d .
The n o rm a l m ode o f fa i lu re ,  as observed  on degreased s te e l, and on
the s te e l w ith  l ig h te r  ch rom a te  f i lm s ,  was the s im u ltan eous  l i f t in g  and
s w e llin g  o f the la c q u e r f i lm ,  s ta r t in g  at the edges and po in ts  o f w e a k -
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ness and p ro g re s s in g  to  co ve r the w hole  s u rfa c e , i . e .  fa i lu re  was 
in it ia te d  a t the exposed in te r fa c e . W ith  the heavy ch rom a te  f i lm s  
( s t r ip p e r  t im e s  o f 24 h o u rs  o r  m o re ) , no s w e llin g  was o b se rve d , bu t 
the o rg a n ic  f i lm  s lo w ly  d is in te g ra te d  and could e ve n tu a lly  be rubbed 
o ff. In  these cases fa i lu re -o c c u rre d  th ro ugh  the o rg a n ic  coa ting , and 
was p a r t ly  a ttr ib u ta b le  to ch e m ica l d e g ra d a tio n  o f the o rg a n ic  coa ting  
i ts e lf .
(v) R esu lts of Lacquer F lex ib ility  T ests
T y p ic a l re s u lts  o f the s te p -w is e  re v e rs e  im p a c t te s t on u n ­
tre a te d  and c h ro m a te -tre a te d  s te e l coated w ith  an epoxy -p h e no lic  
la c q u e r a re  g iven  in  T ab le  8. 5.
T a b le  8. 5
R eve rse  Im p a c t (L a c q u e r F le x ib i l i t y )  R esu lts
M a te r ia l M a x im u m  re v e rs e  im p a c t 
in d e n ta tio n  w ith o u t coa ting  fa i lu re
D egreased  s te e l 2. 3 -  2. 8 m m
C hrom ated  s te e l :
v e ry  th in  *  0 - 2 2. 3 -  2. 8 m m
lig h t  2 - 3 1 .3  -  2 .3  m m
m e d iu m  4 -  7 0 .5  -  1 .0  m m
heavy 8 - 1 2 0. 25 -  0. 5 m m
^th ic k n e s s  va lues  r e fe r  to  c o lo u r  sca le  ( re fe r  to  
T ab le  5. 3).
R e su lts  v a r ie d  w id e ly , but w e re  g e n e ra lly  w ith in  the l im i t s  
shown in  T ab le  8 .5 .
The mode o f fa i lu re ,  a t inde n ta tions  above the l im i t s  shown, 
v a r ie d  a cco rd in g  to the ch rom a te  f i lm  th ic kn e ss  and the re v e rs e
im p a c t va lu e . F ine  c ra z in g  o f the o rg a n ic  coa ting  re s u lte d , w ith  
la rg e  re v e rs e  im p a c t va lu e s , i .  e. fo r  sys te m s show ing h igh  la c ­
q u e r f le x ib i l i t y .  A s f le x ib i l i t y  was reduced , and the la c q u e r becam e 
b r i t t le ,  i .  e. w ith  h e a v ie r ch rom a te  f i lm s ,  the la c q u e r tended to  fa i l  
by  the fo rm a tio n  o f la rg e  c ra c k s , and the l i f t in g  o ff  o f fla ke s  o f la c ­
q u e r. In  these ins tances  the unde rs ide  o f the la c q u e r was seen to 
have da rkened , and a lso  the ch ro m a te  f i lm  was seen to  have l if te d  
o f f  w ith  the la c q u e r, le a v in g  ba re  s te e l exposed.
The re s u lts  o f the c o rro s io n  te s ts , and te s ts  w ith  o rg a n ic  , 
co a ting s , can be ro u g h ly  exp ressed  by the g raphs in  F ig u re  8 .1  in  
w h ich  the p ro p e r ty  tes ted  has been p lo tted  aga ins t ch rom a te  f i lm  , 
th ic k n e s s . I
DISCUSSION O F R ESULTS OF P E R FO R M A N C E  TESTS
The m a in  po in ts  a r is in g  fro m  th is  w o rk  a re  the in h e re n t 
c o r ro s io n  re s is ta n c e  o f A C B -tre a te d  s te e l, the im p ro v e d  p e r fo rm ­
ance w ith  o rg a n ic  coa tings in  c o rro s iv e  co n d itio n s , the im p ro v e d
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adhesion o f o rg a n ic  coatings on A C B  tre a te d  s te e l, and the lo s s  o f 
la c q u e r f le x ib i l i t y .
The in h e re n t c o rro s io n  re s is ta n c e  o f the tre a te d  s te e l, as 
dem ons tra ted  by the re s u lts  o f the s a lt s p ra y  te s ts  on uncoated A C B - 
tre a te d  pane ls , in d ica te s  a cons id e ra b le  im p ro v e m e n t o v e r u n tre a te d
c o r ro s io n
re s is ta n c e
uncoated
c o rro s io n  
re s is ta n c e  w ith  
o rg a n ic  coa tings
o rg a n ic  co a ting  
"adhe s ion "
o rg a n ic  coa ting  
f le x ib i l i t y
F ig u re  8 .1 :
s a lt  s p ra y  
re s is ta n c e
h rs
20
15
10
5
0 I
m ont
4
hs
t im e  to  
fa i lu re  s a lt 
s p ra y  te s t
0
0 2 4
th ick n ess
JL JL
8 10 12
(c o lo u r sca le )
th ic k n e s s  
JL JL
8 10 12
1 day
s tr ip p e r  5 h r  
re s is ta n c e  
tim e s  . 1 h r
(log  sca le )
10 m in
2 m in
10
8
re v e rs e  im p a c t 
m a x im u m  g
in d e n ta tio n  
(0 .01  in )
/
th ic k n e s s
i  I______
8 10 12
x
th ic k n e s s
 L .
10 12
R e la tio n sh ip  between C hrom a te  F i lm  T h ickn e ss  and- 
P e rfo rm a n c e  P ro p e r t ie s .
s te e l, bu t i t  is  n e ve rth e le ss  inadequate fo r  the A C B  f i lm  to  be c lassed 
as an e ffe c tiv e  p ro te c tiv e  coa ting  except fo r  the le a s t seve re  co n d itio n s , 
e .g . in d o o r exposu re . The c o rro s io n  re s is ta n c e  in c re a se s  p ro ­
g re s s iv e ly  w ith  in c re a s in g  f i lm  th ic k n e s s , and th is  im p ro v e m e n t 
can be a ttr ib u te d  to  the b a r r ie r  p ro p e rtie s  o f the f i lm ,  and to  the 
c o r ro s io n - in h ib it in g  p ro p e r t ie s  d e rive d  fro m  the so lub le  hexava len t 
c h ro m iu m  in  the f i lm ,  w h ich  de lays the onset o f ru s tin g  once the 
aqueous phase has pene tra ted  the f i lm .
The im p ro v e m e n t in  c o r ro s io n  re s is ta n c e  observed  w ith  
o rg a n ic  coa tings can o n ly  p a r t ly  be a ttr ib u te d  to  the in h e re n t 
c o r ro s io n - re s is t in g  p ro p e r t ie s  o f the A C B  ch rom a te  f i lm .  The 
hexava len t c h ro m iu m  p re se n t in  the •'film  w ou ld  be expected to  in ­
h ib i t  c o r ro s io n  by w a te r  p e rm e a tin g  th ro u g h  the o rg a n ic  co a ting , ; 
s ince  p e rm e a tio n  w ould  cease (b a rr in g  osm oj#tic e ffe c ts ) once e q u i­
l ib r iu m  w a te r -s a tu ra t io n  co nd ition s  had been se t up. H o w e ve r, the
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A C B  f i lm ,  in  a d d itio n  to  e lim in a t in g  u n d e r f i lm  ru s tin g , e lim in a te d  
b lis te r in g ,  a tta ck  fro m  cu t o r  exposed edges, and o v e ra ll adhesion  
fa ilu re s .  T h e s e - la tte r  p ro p e rtie s  a re  accounted fo r  by im p ro v e d  ad ­
hes ion  o f the o rg a n ic  coating  to the ch ro m a ted  su rfa c e .
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The im p ro ve d  adhesion o f o rg a n ic  co a ting s , d e m on s tra ted  
by the c o rro s io n  re s is ta n c e  and the " s t r ip p e r  re s is ta n c e "  te s ts , is  
a v e ry  la rg e  e ffe c t, and was apparen t on a l l  bu t the th in n e s t ch ro m a te  
f i lm s .  The e ffe c t is  so la rg e  as to  suggest a co m p le te ly  d if fe re n t
bonding p ro ce ss , such as, fo r  exam p le , (a d ire c t  ch e m ica l bonding 
betw een the la c q u e r and the  ch rom a te  f i lm .  The observed  d a rke n in g  
o f unp igm ented  o rg a n ic  f i lm s  a t the ch ro m a te  f i lm  in te r fa c e  suggests 
th a t " o v e rc u r in g " ,  i . e .  excess ive  c ro s s - lin k in g , occu red  as a re s u lt  
o f in te ra c t io n  o f the o rg a n ic  f i lm  w ith  the ch rom a te  f i lm  d u r in g  s tov ing
The re d u c tio n  in  f le x ib i l i t y  o f o rg a n ic  coa tings app lied  o v e r 
e le c tro -c h ro m a te d  s te e l could be accounted fo r  by  the suggested 
c h e m ic a l in te ra c t io n  betw een the  o rg a n ic  f i lm  and the ch ro m a te  f i lm ,  
re s u lt in g  in  excess ive  c ro s s - lin k in g  and f in a l ly  in  a m o re  b r i t t le  
p o ly m e r re s in  f i lm .  W ith  the heavy A C B  f i lm s ,  fa i lu re s  o c c u rre d  
in  the re v e rs e  im p a c t te s t by the o rg a n ic  coa ting  f la k in g  o ff  to g e th e r 
w ith  the ch ro m a te  f i lm  -  the la t te r  re m a in in g  in t im a te ly  bonded to  
the o rg a n ic  f i lm .  T h u s , fa i lu re s  o c c u rre d , n o t as a re s u lt  o f an ad ­
hes ion  fa i lu re  between the o rg a n ic  coating  and the ch ro m a te  f i lm ,  
bu t as a re s u lt  o f in te r fa c ia l fa i lu re  betw een the s te e l and the  c h ro ­
m ate  f i lm .  L o ss  o f f le x ib i l i t y  o f the o rg a n ic  coa ting  a r is e s  th e re fo re  
as a d ire c t  re s u lt  o f the v e ry  s tro n g  bonding o f the o rg a n ic  co a ting  to  
the f i lm .  Up to  a l im i t ,  the o rg a n ic  coa ting  can d e fo rm  w ith  d e fo rm a  
tio n s  in  the s te e l su b s tra te , bu t, on a h e a v ily -c h ro m a te d  s u r fa c e , i t  
is  re s tra in e d  f ro m  so do ing  by its  a ttachm en t to  the in f le x ib le  and 
b r i t t le  ch rom a te  f i lm .
8. 2 OPTIMISATION OF PROPERTIES
The fo re g o in g  w o rk  has shown th a t the A C B  ch rom a te  t r e a t -  ; 
m e n t g re a t ly  im p ro v e s  the p ro p e r t ie s  o f subsequent o rg a n ic  p ro te c ­
tiv e  coa tings on s te e l, a lthough , w ith  the h e a v ie r ch ro m a te  f i lm s ,
/
th is  was o n ly  ach ieved at the expense o f f le x ib i l i t y  o f the o rg a n ic  
coa tings . The sam p les  o f A C B -tre a te d  s te e l exam ined in i t ia l ly  (w h ich  
w e re  p re pa re d  by the o r ig in a to rs  o f the p ro cess ) showed the g e n e ra l 
im p ro v e d  p e rfo rm a n c e , but no lo s s  o f o rg a n ic  coa ting  f le x ib i l i t y .  
T e s ts  w e re  c a r r ie d  out to  de fine  the con d itions  uncjer w h ich  such 
ch ro m a te  f i lm s  cou ld  be produced .
The fo llo w in g  p ro ce ss in g  p a ra m e te rs  w e re  exam ined : -
C lean ing  p ro ced u re  
sc ru b b in g  w ith  d e te rg e n t, 
a lk a l i  c lean ing , 
ca thod ic  c lea n ing , 
va p o u r d eg re a s ing .
R inse  w a te rs  
co ld  m a in s  w a te r , 
ho t m a in s  w a te r , 
d e - io n is e d  w a te r  (co ld ), 
p ro longed  f in a l r in s e  (to
A c id  d ip s  
6N H C 1 ,
19N H 2 S 0 4,
IN  HNO 3 , 
o m itte d .
E le c tro -c h ro m a te  
range o f tre a tm e n t tim e s  
and c u r re n t d e n s it ie s , 
p resence  o f " Z e ro m is t "  
(a p ro p r ie ta ry  sp ra y
re m ove  excess so lub le  C r (V I) ) .  supp ressan t).
F in a l d ry in g
a i r  d ry ,  .
ho t a i r  d ry ,
a lco h o l o r  acetone r in s e .
The re s u lts  in  e v e ry  case showed th a t m e d iu m  and heavy 
coa tings  gave good adhesion o f o rg a n ic  coa tings , bu t o n ly  the v e ry  
l ig h t  ch ro m a te  coa tings a llow ed  the re te n tio n  o f coa ting  f le x ib i l i t y .  
The b e h a v io u r observed  (a) is  co n tras te d  w ith  the b e h a v io u r sought 
(b) in  the sch e m a tic  p ro p e r ty / th ic k n e s s  cu rve s  shown in  F ig u re  8 .2 .
F ig u re  8. 2
th ic k n e s s  
range  o f o p tim u m
^  ■ ■>,
ch ro m a te  f i lm  th ickn e ss
A  = A dhes ion
ch ro m a te  f i lm  th ic k n e s s
F  = F le x ib i l i t y
(a) o bse rved  be ha v io u r (b) co n d itio n s  sought
F u r th e r  e xp e rim e n ts  w ere  c a r r ie d  out to  exam ine the e ffe c ts  
o f the w a te r  co m p o s itio n  o f the A C B  e le c tro ly te  on the  subsequent 
p e rfo rm a n c e  o f A C B  f i lm s  w ith  o rg a n ic  coa tings . The use o f m a in s  
w a te rs , and in  p a r t ic u la r  the p resence  o f added c h lo r id e  ions  (as 
s tud ied  m o re  fu l ly  in  P a r t  7), showed a m a rke d  e ffe c t, and tre a tm e n t 
co n d itio n s  w e re  e ve n tu a lly  reached w h ich  gave f i lm s  hav ing  the p ro ­
p e r t ie s  shown in  F ib u re  8 .2 (b ). ,
The co nd itio ns  w ere  as fo llo w s  •- 1
( i)  H ot a lk a l i  c lean ing ; e ith e r  im m e rs io n  o r  e le c t ro ly t ic  a t
: . • i
2100 m A /c m  (anod ic ).
( i i )  D ip  (c ir c a  5 sec) in  IN  HNOg.
( i i i )  E le c tro -c h ro m a te  in  A C B  e le c tro ly te  hav ing  a c h lo r id e
i
ion  co n ce n tra tio n  o f 1. 4 m M  to  g ive  a f i lm  th ic kn e ss  ;
(c o lo u r  sca le ) 3 - 4 .
T h o ro ug h  aqueous r in s e s  a f te r  each stage.
8. 3 C O R R E LA T IO N  O F P E R FO R M A N C E  P R O P E R TIE S  W IT H  
. C H R O M ATE F IL M  C O N STITU EN TS •
IN TR O D U C T IO N
The A C B  ch rom a te  f i lm  has been shown to  be d iv is ib le  in to  
so lub le  hexava len t c h ro m iu m , a n o d ic a lly  o x id isa b le  t r iv a le n t  c h ro ­
m iu m , and in e r t  (p resum ed  to  b e tr i-v a le n t)  c h ro m iu m , c o n s titu e n ts . 
The t r a c e r  s tud ies  (P a r t  6) showed them  to  be p re se n t in  the a p p ro x i­
m a te  p ro p o rtio n s  C r(V I)  15%, C r ( I I I )  ox. 6%, C r ( I I I )  in e r t  80%. 
E x p e r im e n ts  w e re  c a r r ie d  out to  re la te  the observed  p e rfo rm a n c e  
w ith  the com ponents. S im ila r  te s ts  on h e a t- tre a te d  panels w e re  a lso  
in c lu d ed .
E X P E R IM E N T A L
A  s e r ie s  o f h e a v ily  c h ro m a te -tre a te d  panels w e re  p re p a re d , 
us in g  a 6N HC1 p re tre a tm e n t, and a 30 sec. 200 m A /c m 2 e le c t ro -  
ch ro m a te  tre a tm e n t in  an A C B  e le c tro ly te  m ade up f ro m  d is t i l le d  
w a te r . Sets o f these  panels w e re  tre a te d  as fo llo w s .
Set 1 N o rm a li A C B  ch ro m a te  f i lm  : no fu r th e r  tre a tm e n t.
Set 2 C r(V I)  rem oved  : panels leached o v e rn ig h t in  NaOH s o lu tio n  (
(
and th o ro u g h ly  w ashed.
Set 3 C r(V I)  and a n o d ic a lly -o x id is e d  C r ( I I I )  rem oved  : anod ic 
o x id a tio n  a t 5 0 ^ A . /c m 2 in  IN  NaOH so lu tio n  u n t i l  oxygen 
e vo lu tio n  o c c u rre d  (m o n ito re d  p o te n t io m e tr ic a lly ) .
Set 4 H e a t- tre a te d  " in e r t ”  C r ( I I I )  : panels p re pa re d  as Set 3 and 
heat tre a te d  as Set 5.
Set 5 H e a t- tre a te d  A C B  ch rom a te  f i lm  : panels heated in  a i r  fo r  
30 m in  a t 200°C . ,
One pane l f ro m  each se t was tes ted  fo r  the fo llo w in g  p ro ­
p e r t ie s  as be low  : -
C o rro s io n  re s is ta n c e  : exposure  to  s a lt  sp ra y  (up to  24 h rs ) .
C o rro s io n  re s is ta n c e  pa in ted : exposure  to  s a lt sp ra y  - cu t m ade 
th ro u g h  o rg a n ic  coa ting .
O rg a n ic  coa ting  adhesion : coated w ith  ep oxy -p h e n o lic  la c q u e r
(2 coats 25y(/m ) and tes ted  by " s t r ip p e r  re s is ta n c e "  te s t.
O rg a n ic  coa ting  f le x ib i l i t y  : coated w ith  ep o xy -p h e no lic  la c q u e r 
(2 coats ; 25LCm) and tes ted  by re v e rs e  im p a c t te s t.
R ESU LTS
The tre a tm e n ts  app lied  to  the A C B  ch rom a te  f i lm s  re s u lte d  
in  the e ffe c ts  g iven  be low  in  T ab le  8. 6.
Tab le  8. 6
E ffe c ts  o f A f te r -T re a tm e n t to  A C B  F ilm s
T re a tm e n t E ffe c t
Leach ing  in  NaOH F i lm  becam e l ig h te r  in  c o lo u r  bu t r e ­
ta ined  in te r fe re n c e  t in ts .
A n o d ic  o x id a tio n  
in  NaOH
F i lm  becam e l ig h te r  in  c o lo u r  and 
showed in te re fe re n c e  t in ts  c o rre s p o n d -
!
ing  to  s l ig h t ly  reduced f i lm  th ic k n e s s .
H eat tre a tm e n t o f f i lm  
a n o d ic a lly  o x id ise d  
in  NaOH
F i lm  degenerated in to  a loose  d a rk  
b ro w n  pow dery  coa ting .
H eat tre a tm e n t o f 
n o rm a l f i lm
F i lm  re m a in e d  co h e re n t, bu t da rkened  
in  appearance a lthough  re ta in in g  in te r -  \ 
fe re n ce  t in ts .
S a lt S pray R es is tance  (U ncoated)
The re s u lts  o f the s a lt s p ra y  te s ts  on the  uncoated ch ro m a te d  
panels a re  shown s c h e m a tic a lly  in  F ig u re  8. 3. The re s is ta n c e  to
Figure 8. 3
R esu lts  o f Sa lt S pray T e s ts  on U ncoated A C B  P ane ls  
R e la tiv e  a reas  and in te n s it ie s  o f ru s t in g  in d ica te d
T im e
P ane ls - F ilm 'C o m p o s it io n
N o rm a l
A C B
/
C r(V I)
R em oved
In e r t
C r ( I I I )
H eated
In e r t
C r ( I I I )
H eated
N o rm a l
2 .3  h r 1 M t h
f
4 . 3 h r L n l H 1i i
i
L
7 .3  h r L H H M
24 h r I T e s t not  con tinued H
D egree o f ru s t in g  
ru s t  fre e
! l ig h t  ru s t  s ta in in g
, ru s t in g
 3
i j  \  heavy ru s t in g
s a lt  sp ra y  o f the panels a f te r  7 h o u rs 1 exp osu re , in  o rd e r  o f de ­
c re a s in g  re s is ta n c e , was : -
C hrom a te  f i lm  w ith o u t tre a tm e n t,
>  C hrom a te  f i lm  w ith  C r(V I)  rem ove d .
>  H eated ch ro m a te  f i lm .
>  A n o d ic a lly  o x id ise d  f i lm ,  i . e .  " in e r t " f i lm .
H e a t- tre a te d  " in e r t "  f i lm  -  l i t t l e  b e tte r  than s te e l w ith o u t
a ch ro m a te  tre a tm e n t.
S a lt S pray R es is tance  (w ith  a P a in t)
A tta c k  o c c u rre d  by  ru s tin g  o f the s te e l exposed a t the c ro s s ­
cu t, the deve lopm en t o f b lis te r in g  ad jacen t to  the c ro s s -c u t ,  and the 
fo rm a tio n  o f  is o la te d  b lis te r s  in  the  undamaged a re a s . The r e s is ­
tance o f the pane ls to  th is  type  o f a tta c k , in  d e c re a s in g  o rd e r ,  was : -  
P ane l w ith  un tre a te d  ch ro m a te  f i lm . *
^  Sodium  h yd ro x id e -le a ch e d  pane l.
—  H e a t- tre a te d  pa ne l.*  ‘
^  " in e r t "  f i lm .
>  H e a t- tre a te d  " in e r t "  f i lm . *
*T h e  p a in t f i lm  on these pane ls cou ld  no t be rem ove d  by 
im m e rs io n  in  the p a in t s t r ip p e r  s o lu tio n .
/
O rg a n ic  C oating A dhes ion
The " s t r ip p e r  re s is ta n c e "  te s ts  on the panels coated w ith  
an e p o xy -p h e n o lic  la c q u e r gave the re s u lts  in  T ab le  8. 7.
T ab le  8. 7
A dhes ion  o f L a c q u e r to  tre a te d  A C B  f i lm s
P ane l " S tr ip p e r "  T im e s  (2 spec im ens)
U n trea ted  A C B  f i lm 48 hou rs
NaOH leached 40 h o u rs
" in e r t "  f i lm ^  12 hours
Heated " in e r t "  f i lm ~  12 hou rs
Heated f i lm >  48 h ou rs
D egreased  s te e l 0 .1  ho u rs
O rg a n ic  C oating F le x ib i l i t y
The re v e rs e  im p a c t te s ts  gave the re s u lts  in  T a b le  8 .£ .
Tab le  8. 8
F le x ib i l i t y  o f la c q u e r on tre a te d  A c k  f i lm s
Panel Ind ent at ion m m . C lassification
N o rm a l untreated film 0 .7 b ritt le
NaOH leached 0 .8 b ritt le
" In e rt"  f ilm 2 .0 fa ir ly  flex ib le
Heated " in e rt"  film
CO•
CO flexib le
Heated film 1 .0 b rittle
DISCUSSION
The results showed that the perform ance properties  could 
be attributed to specific components in the film .
Hexavalent Chrom ium
Com parison of the resu lts  obtained fo r the no rm al f ilm  w ith  
those obtained fo r the sodium hydroxide-treated  : f ilm  (C r (V I)  r e ­
moved) indicates that C r(V I)  contributes to the inherent corrosion
resistance, e .g . a 6 -fo ld  increase in the tim e fo r 20% ligh t rusting
!
to develop as shown in F igure  8. 3, and im proved corrosion r e s is - 1 
tance w ith a paint. I t  also contributes to the im proved adhesion 
properties  with organic coatings as shown in Table  8. 7, but the
absence of soluble C r(V I) does not appreciably reduce the e m b ritt le ­
m ent p rop erties , as shown by the resu lts  in Table 8 .8 .
O x id isa b le  C r ( I I I )  >
Rem oval of the oxidisable C r ( I I I)  g rea tly  reduces the im proved  
adhesion properties  of the chrom ate f ilm , and achieves n o rm al la c q u e r-  
fle x ib ility  p rop erties . Thus, the organic coating adhesion and e m ­
b rittlem e n t properties can be la rg e ly  attributed to the anodically  
oxidisable C r ( I I I ) .
i
" In e r t "  F i lm
The " in e rt"  p art of the chrom ate f ilm , i . e .  the 80% re m a in ­
ing a fte r  anodic oxidation in NaO H, does not contribute to the ob­
served perform ance properties of the ACB chromate f ilm , apart 
fro m  slight salt spray resistance due to its  weak b a r r ie r  p ro p erties .
H e a t-T re a te d  F i lm
The heat-treated  film  retained the strong bonding prop erties  
w ith organic coatings, resu lting in  good adhesion and good corrosion  
resistance but a reduction in  flexibility of the coating. The uncoated 
f ilm , how ever, lost much of its inherent corrosion resistance, 
possibly as a resu lt of a change of m ic ro -s tru c tu re , o r  of C r(V I)  
a v a ila b ility , occurring during heat treatm ent.
CONCLUSIONS ( fro m  8 .1 , 8 .2  and 8. 3)
The m a in  conc lus ions  a r is in g  fro m  the study o f the p e r fo r ­
m ance o f A C B -tre a te d  s te e l a re  as fo llo w s
1. The ch ro m a te  f i lm  p ro v id e s  l im ite d  c o rro s io n  re s is ta n c e ,
a p p ro x im a te ly  in  p ro p o rt io n  to  f i lm  th ic kn e ss .
2. The c o r ro s io n  re s is ta n c e  is  a ttr ib u ta b le  to  the  c o r ro s io n -  [
in h ib it in g  p ro p e r t ie s  o f so lub le  C r(V I)  in  a th in , o th e rw is e  
in e ffe c tiv e , b a r r ie r  f i lm .
3. The ch ro m a te  f i lm  ach ieves e x tre m e ly  s tro n g  bonding w ith
o rgan ic , coa tings , re s u lt in g  in  g re a t ly  im p ro ve d  c o r ro s io n -  
re s is t in g  p ro p e r t ie s .
i
4. The s tro n g  bonding p ro p e r t ie s , to g e th e r w ith  the in h e re n tly
in f le x ib le  n a tu re  o f the  ch rom a te  f i lm ,  re s u lt  in  the e ffe c tiv e  
e m b r itt le m e n t o f o rg a n ic  coa tings .
5. The s tro n g  bonding p ro p e r t ie s  w ith  o rg a n ic  co a ting s , and
the accom panying  e m b r it t le m e n t p ro p e r t ie s , a re  a ttr ib u ta b le  
to  the a n o d ic a lly -o x id is a b le  C r ( I I I )  and the N aO H -so lu b le  
C r(V I)  com ponents o f the f i lm .
6. C a re fu l c o n tro l o f the ch ro m a te  f i lm  th ickn e ss  and cho ice  o f 
d e p o s itio n  co nd itio n s  can ach ieve  ch ro m a te  f i lm s  p ro v id in g
the  s tro n g  bonding p ro p e rtie s  w ith o u t the in tro d u c tio n  o f 
e m b r it t le m e n t p ro p e r t ie s .
The b u lk  o f the ch ro m a te  f i lm ,  i .  e. th a t not rem oved  by 
anod ic o x id a tio n  in  NaO H, a lthough p ro v id in g  a th in  p h y s i­
c a l b a r r ie r ,  c o n tr ib u te s  l i t t le  to  the o v e ra ll p e rfo rm a n ce  
p ro p e r t ie s  o f the f i lm .
E xp o su re  to  heat in  a i r  (30 m in s  at 200°C ), such as m ig h t 
o c c u r on the re v e rs e  s ide  o f s te e l sheets d u r in g  the s to v in g  , 
o f the o rg a n ic  coa ting  on the f ro n t  s u rfa c e , reduces the in -  j 
h e re n t c o rro s io n  re s is ta n c e  o f the  f i lm ,  but does no t reduce  
the s tro n g  bonding w ith  o rg a n ic  co a tings .
/G E N E R A L  DISCUSSION
D e p o s itio n  o f C hrom ate  F i lm s  
C o m p o s ition  o f A C B  ch rom a te  F ilm s  
P ro p e r t ie s  o f  A C B  ch ro m a te  F ilm s
GENERAL DISCUSSION
/
The fo re g o in g  e x p e r im e n ta l w o rk  m ay  be d iv id e d  in to  the 
e xa m in a tio n  o f the fa c to rs  c o n tro ll in g  the d e p o s itio n  o f ch ro m a te  
f i lm s ,  the s tudy  o f the n a tu re  o f such f i lm s ,  and the assessm ent 
o f th e ir  p ro p e r t ie s , p a r t ic u la r ly  when cons ide red  as a su rfa ce  
f in is h in g  p re tre a tm e n t fo r  s te e l. ,
D E P O S IT IO N  OF C H R O M ATE F IL M S
The in i t ia l  te s ts  on d ip  p ro cesses  co n firm e d  the a lre a d y  
w e ll-e s ta b lis h e d  fa c t th a t ch ro m a te  co n ve rs io n  coa tings cannot be 
depos ited  on s te e l M ea su ra b le  q u a n tit ie s  o f c h ro m iu m  could 
be deposited  a cco rd in g  to  the e x is t in g  degree  o f o x id a tio n  o r  p a s s i­
v a tio n  o f the s u rfa c e , bu t these w ere  l im ite d  by the am ount o f 
c h ro m ic  ox ide  d e po s itio n  n e ce ssa ry  to  ach ieve  com p le te  p a s s iv a tio n  
o f the s te e l su rfa c e . Im posed ca thod ic  re d u c tio n  co n d itio n s  a t low
o
c u r re n t d e n s itie s  (e .g . 10 m A /c m  ) fa ile d  to  ach ieve  fu r th e r  c h ro ­
m iu m  oxide  d e p o s itio n .
A t h ig h  ca thod ic  c u r re n t d e n s itie s  (100 -  300 m A /c m ^ ) ,  and 
a t s tro n g ly  nega tive  e le c tro d e  p o te n tia ls  (-1000  m V . v s . S .C .E . ) ,  
ch ro m a te  re d u c tio n  o ccu rs  to  fo rm  a ch ro m a te  f i lm ,  a lth oug h , as 
shown in  P a r t  2, f i lm  fo rm a tio n  is  no t so m uch  c o n tro lle d  by  F a ra d a y 1 
L a w s , i .  e. by  tre a tm e n t t im e , c u r re n t d e n s ity , and e le c tro c h e m ic a l
e q u iva le n t, as by the  su rfa ce  co n d itio n  o f the s te e l cathode and by 
" fo re ig n "  an ions in  the CrOg e le c tro ly te .
The d e p o s itio n  o f a ch rom a te  f i lm  appears  to  be c o n tro lle d
by the su rfa ce  co n d itio n , w he th e r a c tive  o r  p a ss ive , a t the la rg e
o v e r-p o te n tia ls  genera ted  by the h igh  c u r re n t d e n s itie s  used. The
p o la r is a t io n  s tud ies  d e sc rib e d  in  P a r t  4 have shown th a t the  su rfa ce
becom es pass ive  a t p o te n tia ls  lo w e r  than th a t re q u ire d  fo r  f i lm
fo rm a tio n , and a lthough  the pass ive  su rfa ce  p e rm its  hyd roge n  io n
re d u c tio n  to  take  p lace , i t  is  n e ce ssa ry  fo r  the su rfa ce  to  becom e
(24 25)
a c tiva te d  fo r  f i lm  fo rm a tio n  to  o c c u r. K azakov and V a g ra m ya n  ' 
d iscu ss  the ro le  o f th is  pass ive  f i lm  in  re la t io n  to  the a c tiv a tio n  o f 
the e le c tro d e  by fo re ig n  an io ns , a llo w in g  the p a r t ia l re d u c tio n  o f 
ch ro m a te  ions  to  t r iv a le n t  c h ro m iu m . I t  is  suggested th a t fo re ig n  
an ions (e .g .  SO^""- ) in  the su rfa ce  f i lm  p ro v id e  the n e ce ssa ry  a c t i ­
va tio n . The p o la r is a t io n  cu rve s  in  P a r t  4 and P a r t  7 show the  a c t i ­
v a tio n  o f the su rfa ce  o c c u rr in g  a t lo w e r  c u r re n t d e n s itie s  in  the 
p resence  o f c h lo r id e  ions in  the e le c tro ly te ,  o r  on su rfa ce s  p re ­
tre a te d  by d ip p ing  in  h y d ro c h lo r ic  a c id . I t  is  l ik e ly  th a t bo th  exam p le s  
ach ieve  the sam e re s u lt  by  the in tro d u c tio n  o f c h lo r id e  ions  to  the 
pass ive  f i lm ,  thus lo w e r in g  the p o in t a t w h ich  a c tiv a tio n  o c c u rs .
I t  should be po in ted out th a t the a d d itio n  o f fo re ig n  ions  was 
s tud ied  a t m uch  lo w e r  co n cen tra tio n s  ( 0 - 5  m M ) than  those used by 
K azakov and V ag ram yan  (100 -  1000 m M ).
The e ffe c t o f low  co n cen tra tio n s  o f e .g . c h lo r id e  ions on the 
f i lm - fo r m in g  p ro p e r t ie s  o f a c h ro m ic  ac id  e le c tro ly te  is  o f con­
s id e ra b le  p ra c t ic a l im p o rta n c e . The a d d itio n  o f c h lo r id e  ions to  
the e le c tro ly te  a llo w s  a g ive n  f i lm  th ickn e ss  to  be produced in  a 
s h o r te r  tim e  a n d /o r  a t lo w e r  c u r re n t d e n s it ie s . In  p ra c t ic a l te rm s , 
re d uc in g  the c u r re n t d e n s ity  re q u ire m e n ts  fro m  200 m A /c m  to  1 0 0  
o r  50 m A /c m ^  a llo w s  a p ro p o r t io n a l re d u c tio n  in  pow er su p p lies  to  
opera te  the p ro ce ss , and in  c a p ita l o u tla y  on r e c t i f ie r s  and co n d u c to rs . 
A lte rn a t iv e ly ,  the  po ss ib le  re d u c tio n  in -; tre a tm e n t t im e  fro m , e .g .
30 seconds to  5 seconds o r  1 second, w ith o u t'a  p ro p o r t io n a l in c re a s e  
in  c u r re n t d e n s ity , m akes the  p ro cess  m o re  acceptab le  fo r  the  con­
tinuous p re tre a tm e n t o f s te e l s t r ip .  F in a lly ,  the a d d itio n  o f ions  to  
the e le c tro ly te  p ro v id e s  a fu r th e r  degree o f co n tro l on the fo rm a tio n  
o f the ch ro m a te  f i lm .
The t r a c e r  e xp e rim e n ts  (see P a r t  6 ) p ro v id e d  the so le  d ire c t  
m ethod o f m e a su rin g  the c h ro m iu m  deposited  in  ch rom a te  f i lm s ,  and 
thus enabled ch rom a te  f i lm  w e igh ts  to  be p lo tte d  aga ins t tre a tm e n t
!
co n d itio n s . These re s u lts  showed th a t, p ro v id e d  a c tiv a tio n  o f the 
s te e l was f i r s t  ach ieved by an ac id  p re tre a tm e n t, and p ro v id e d  a 
s u ff ic ie n t ly  h igh  c u r re n t d e n s ity  w as used, f i lm  th ic kn e ss  b o re  an 
a p p ro x im a te ly  l in e a r  re la t io n s h ip  w ith  t im e  o f tre a tm e n t.
The t r a c e r  s tud ies  a lso  showed th a t the c u r re n t e f f ic ie n c y  o f 
the f i lm  d e p o s itio n  was lo w , a t bes t ( in  a c h lo r id e - f re e  e le c tro ly te )  i
2. 6 %. T hey  fu r th e r  showed th a t m e a su re m e n t o f f i lm  " th ic k n e s s "  
by  c o u lo m e tr ic  anod ic o x id a tio n  gave re s u lts  in  p ro p o rtio n  to  the 
to ta l c h ro m iu m , and th a t anod ic o x id a tio n  was no t the s im p le  
C r ( I I I )  — C r(V I)  o x id a tio n , bu t in vo lve d  s ix  e le c tro n s  ra th e r
(27)than th re e . T h is  o b se rva tio n  is  in  g e n e ra l ag reem en t w ith  B r i t to n ’ sv '  
re s u lts  fo r  ch ro m a te  f i lm s  on t in p la te , -in w h ich  he showed th a t 1 m e 
w as e q u iva le n t to  0 .1  j j i g  C r ( I I I ) ,  and no t to  the 0 . 18^(Xg p re d ic te d  by v 
e le c tro c h e m ic a l e q u iva le n ts . The tra n s fe r  o f s ix  e le c tro n s , ra th e r  
than th re e , fo r  each C r ( I I I )  a tom  could be accounted fo r  i f  the 
C ^ O g  "m o le c u le s "  w e re  o x id ise d  co m p le te ly  to  C r(V I)  and fre e  
oxygen.
C O M PO SITIO N  O F A C B  C H R O M ATE F IL M S
No c le a r ly -d e f in e d  c h ro m iu m  com pounds w e re  de tected  in  
the  ch ro m a te  f i lm s ,  and any conc lus ions  co ncern ing  th e ir  co m p o s itio n  
m u s t be deduced.
The ch ro m a te  f i lm s  showed m any o f the p ro p e r t ie s  o f f r e s h ly -  
p re c ip ita te d  c h ro m iu m  h y d ro x id e , in  th e ir  s o lu b i l i ty  in  m in e ra l a c id s  
w ith  a change to  in s o lu b il i ty  a f te r  h ea tin g , and in  th e ir  t ra n s it io n  to  
anhydrous c h ro m ic  ox ide  a t about 415°C . The absence o f X - r a y  d i f ­
f ra c t io n  p a tte rn s  is /a ls o  in  accordance  w ith  the p ro p e r t ie s  o f c h ro ­
m iu m  h y d ro x id e , o r  -  m o re  c o r re c t ly  -  hyd ra ted  c h ro m ic  o x id e .
j
H exava len t c h ro m iu m  is  a lso  a m a jo r  co n s titu e n t, shown by 
t r a c e r  s tu d ies  in  P a r t  6 to  re p re s e n t 15% o f the to ta l f i lm  c h ro m iu m . 
Since b a r iu m  was shown to  be absent fro m  the f i lm s  (P a r t  5), and 
no o th e r ca tions  a re  a v a ila b le  ( fe r ro u s  ions  w ou ld  no t be fo rm e d  in  
the ca thod ic  co n d itio n s ), i t  m u s t be assum ed th a t the  hexava len t 
c h ro m iu m  w as p re se n t as "c h ro m iu m  c h ro m a te " , o r  as a m ixe d
C r ( I I I ) ,  C r(V I)  ox ide . ,
!
A  n u m b e r o f c h ro m iu m  ch ro m a tes  and m ixed  ox ides have 
been d e s c rib e d , and to  som e ex ten t c h a ra c te r is e d . M e llo r  
su rve ys  w o rk  on the p ro p e r t ie s  o f a n u m b e r o f m ixed  o x id e s , 
co ve rin g  m o s t com b in a tions  o f x  C rgO g y  CJrOg z Eh^O, bu t suggests 
th a t th e ir  in d iv id u a lity  is  no t w e ll e s ta b lish e d . A m ie l ( in  P a s c a l^ 9 ) )  
l is t s  15 com pounds between C rgO g and C rO 3 , ran g in g  f ro m  CrgOg* 
to  C r 3 0 8.
The e le c tro d e p o s ite d  ch rom a te  f i lm  b e a rs  som e re se m b la n ce  
to  the re p o rte d  m ixe d  o x id es . In  pow der fo rm  i t  is  d a rk  b ro w n , and
1
i t  shows m a g ne tic  p ro p e r t ie s , bu t in  v ie w  o f the w ide  v a r ie ty  o f 
m ixe d  ox ides i t  is  no t p o ss ib le  to  a ss ig n  a s p e c if ic  c h e m ic a l co m ­
p o s it io n  to  the f i lm  beyond the fa c t th a t i t  is  a m ixe d  o x ide .
i
The evidence o f the anodic o x id a tio n  and t r a c e r  e x p e rim e n ts  
in d ica te s  th a t the co m p o s itio n  is  even m o re  co m p le x , in  th a t fo rm s  
o f C r ( I I I )  w ith  d if fe re n t o x id a tio n  p o te n tia ls  e x is t ,  and a la rg e
p ro p o rt io n  (80%) o f the C r ( I I I )  is  no t o x id isa b le  by e le c t ro ly s is .  
These d iffe re n c e s  a re  l ik e ly  to  be re la te d  to  the e le c t r ic a l con­
d uc ting  p ro p e r t ie s  o f the v a r io u s  co n s titu e n ts .
C h ro m ic  ox ides and the  m ixed  ox ides a re  re p o rte d  (3 9 ,5 3 ) 
to  undergo tra n s it io n  on hea ting  th ro u g h  the in te rm e d ia te  ox ides to  : 
c h ro m ic  ox id e . T h is  could account fo r  the observed  changes in
o x id a tio n  p o te n tia ls  and in  the  p ro p o rtio n s  o f o x id isa b le  spe c ie s ,
/
w h ich  w e re  re p o rte d  in  P a r t  5, when ch rom a te  f i lm s  w e re  exposed 
to  heat.
P R O P E R TIE S  OF A C B  C H R O M ATE F IL M S  !
The p ro p e r t ie s  o f the ch ro m a te  f i lm  m e e | s a t is fa c to r i ly  the 
re q u ire m e n ts  o f a co n v e rs io n -c o a tin g  tre a tm e n t, and com pare  
fa v o u ra b ly  w ith  those o f ch rom a te  co n ve rs io n  coa tings  app lied  to  
n o n - fe r ro u s  m e ta ls  (e .g . z in c , a lu m in iu m ) and o f phosphate co a t­
ings  app lied  to  s te e l.
The w o rk  d iscussed  in  P a r t  8  has shown th a t the ch ro m a te  
f i lm  p ro v id e s  a u s e fu l degree o f c o r ro s io n  p ro te c tio n  in  i ts  own 
r ig h t ,  s u ff ic ie n t to  p ro v id e  p ro te c tio n  in  n o rm a l in d o o r exposure  
e n v iro n m e n ts . I ts  m a in  va lue  l ie s  in  i ts  use as a p re tre a tm e n t 
be fo re  the a p p lic a tio n  o f o rg a n ic  co a ting s , when g re a t ly  im p ro v e d  
c o r ro s io n  re s is ta n c e  re s u lts  -  m uch  g re a te r  in  fa c t th a t the im ­
p rovem en ts  th a t can be ach ieved b y  phosphating.
The im p ro v e m e n ts  ach ieved w ith  o rg a n ic  coa tings w ere  
shown to be due la rg e ly  to  the s tro n g  bonding achieved between the i 
ch ro m a te  f i lm  and the o rg a n ic  coa ting , w h ich  p reven ted  u n d e r f i lm  
a tta c k  f ro m  cu t edges, b lis te r in g ,  and o th e r adhesion fa i lu re s .
The s tro n g  bonding Was shown to  be a ttr ib u ta b le  to  the 15% hexa­
v a le n t c h ro m iu m  and the 6 % a n o d ic a lly  o x id isa b le  c h ro m iu m ; the 
b u lk  o f the ch rom a te  f i lm ,  the  80% no t rem oved  by anod ic  o x id a tio n  
in  NaO H, p ro v id e d  no im p ro v e m e n ts .
The m e ch an ism  by w h ich  the  s tro n g  bonding was ach ieved 
w as not e lu c id a te d , but i t  seem s p robab le  th a t som e ch e m ic a l 
in te ra c t io n  deve lops betw een the o rg a n ic  coa ting  and the ch ro m a te  
f i lm ,  re s u lt in g  in  c h e m ic a l bonding ra th e r  than the n o rm a l p h y s ic a l 
bonding between the tw o s u rfa ce s .
The e m b r it t le m e n t o f o rg a n ic  coa tings w h ich  can o c c u r on 
heavy ch ro m a te  f i lm s  could be a m a jo r  d isadvantage o f the ch ro m a te  
p re tre a tm e n t, when app lied  to  l ig h t  gauge s te e l w h ich  m a y  be sub­
je c t  to  d e fo rm a tio n . T h is  u n d e s ira b le  p ro p e r ty  can be avo ided by 
c a re fu l cho ice  o f the a p p lic a tio n  co n d itio n s  fo r  the ch ro m a te  p re -  
tre a tm e n t, and by  the c o r re c t  cho ice o f coa ting  w e ig h t. The e m ­
b r it t le m e n t is  due to  the b r i t t le  ch ro m a te  f i lm  w h ich , be ing  f i r m ly  
bonded to  a f le x ib le  o rg a n ic  coa ting  and a d e fo rm a b le  m e ta l base, is  
i t s e l f  unable to  accom m odate d im e n s io n a l changes re s u lt in g  f ro m  
d e fo rm a tio n . F a ilu re s  w e re  observed  to  o c c u r a t the s te e l/c h ro m a te
f i lm  in te r fa c e . F u r th e rm o re , ch e m ica l re a c tio n  between the o rg a n ic  
coa ting  and the ch ro m a te  f i lm  cou ld  lead  to  excess ive  c ro s s lin k in g  
and consequent e m b r it t le m e n t o f the  p o ly m e r re s in  o f the o rg a n ic  
coa ting .
The o v e ra l l  im p ro v e m e n t in  the  p e rfo rm a n ce  o f o rg a n ic  co a t­
ings  app lied  o v e r the e le c tro -c h ro m a te  p re tre a tm e n t was o u ts tand ing , 
and fa r  exceeded the im p ro ve m e n ts  obta ined w ith  a lte rn a tiv e  p re -  
tre a tm e n ts . A p a r t f ro m  e n v iro n m e n ts  w h ich  a ttacked  the o rg a n ic  
coa ting  i ts e lf ,  c o r ro s io n  fa ilu re s  w e re  v i r tu a l ly  e lim in a te d  in  even 
the m o s t a g g re ss ive  m ed ia .
I t  should be noted th a t these o b se rva tio n s  app ly  s t r ic t ly  to  
the sys tem s s tud ied , n a m e ly  a lkyd  p a in ts  and e p o xy -p h e n o lic  la c q u e rs , 
but they  m ay  rea so n a b ly  be expected to  app ly  a lso  to  a w id e r  range o f 
o rg a n ic  coa tings .
GENERAL CONCLUSIONS
D e p o s itio n  C on d itions
N a tu re  o f the A C B  C hrom a te  F i lm
P ro p e r t ie s  o f A C B  C hro m a te  F i lm
GENERAL CONCLUSIONS
The conc lus ions  d e riv e d  fro m  th is  w o rk  m ay be d iv id e d  in to  
( i)  those re la t in g  to  the co nd ition s  fo r  the d e po s itio n  o f ch rom a te  
f i lm s  on s te e l ( i i )  those re la t in g  to  the co m p o s itio n  o f the ch rom a te  
f i lm ,  and ( i i i )  those re la t in g  to  the p ro p e rtie s  o f ch ro m a te  f i lm s ,  in  
p a r t ic u la r  as “ c o n v e rs io n 11 coa tings  fo r  im p ro v in g  o v e ra l l  p e rfo rm a n ce  
w ith  o rg a n ic  coa tings .
D E P O S IT IO N  CONDITIONS
!
1. D ip  ch rom a te  tre a tm e n ts , o r  low  c u r re n t-d e n s ity  (e .g .
10 m A /c m  ) ca thod ic  tre a tm e n ts  d e po s it a t m o s t an in v is ib ly  th in
O '
ch ro m a te  f i lm  (up to  1Jtig C r /c m  ), w h ich  is  va lu e le ss  as a p re ­
tre a tm e n t fo r  s te e l.
2. “ C h ro m a te 11 f i lm s  can be deposited  on s te e l fro m  aqueous 
C rO g so lu tio n s  by ca thod ic  tre a tm e n t a t re la t iv e ly  h igh  c u r re n t ' 
d e n s itie s  (ca . 200 m A /c m ^ ) .
3. C hrom ate  f i lm  e le c tro d e p o s itio n  on s te e l is  v e ry  s tro n g ly  
dependent on the n a tu re , and p re tre a tm e n t, o f the s te e l s u rfa c e .
i
S u lp h u ric  ac id  and h y d ro c h lo r ic  ac id  p re tre a tm e n ts  a c c e le ra te  f i lm  
g ro w th  when com pared  w ith  n i t r ic  ac id  p re tre a tm e n ts .
4. C hrom ate  f i lm s  cannot re a d ily  be e le c tro d e p o s ite d  on s te e l 
w h ich  re ta in s  i ts  n a tu ra l a ir - fo rm e d  ox ide  f i lm .
5. C hrom ate  f i lm  e le c tro d e p o s itio n  is  s tro n g ly  c o n tro lle d  by 
the p resence  o f low  co n cen tra tio n s  o f " fo re ig n "  an ions in  the e le c t ro ­
ly te .  C h lo r id e  io n s , in  the co n ce n tra tio n  range 0 .1  -  5 m M , have
an in c re a s in g  " c a ta ly t ic "  e ffe c t. Sulphate and f lu o r id e  ions  show 
s im i la r  c a ta ly t ic  e ffe c ts , bu t a t co n cen tra tio n s  above 1 m M , c h ro -  ! 
m iu m  m e ta l d e p o s itio n  o c c u rs , and th is  in te r fe re s  w ith  the p ro p e r t ie s
o f the f i lm .
■ /
6 . The  c a ta ly t ic  e ffe c t o f an ions can be exp la ined  by th e ir  ad­
s o rp tio n  on the cathode s u rfa c e , m a in ta in in g  i t  in  an a c tive  s ta te , 
and p e rm it t in g  fu r th e r  C r(V I)  re d u c tio n . In  the absence ojf a c tiv a tin g  
an io ns , the f i r s t - fo r m e d  ch rom a te  f i lm  tends to  p ass iva te  the s u rfa c e , 
in h ib it in g  fu r th e r  C r(V I)  re d u c tio n . I
7. The ca thod ic  re d u c tio n  o f C r(V I)  to  C r ( I I I )  to  fo rm  ch ro m a te  
f i lm s  on s te e l re q u ire s  la rg e  o v e rp o te n tia ls , w ith  the re s u lt  th a t 
m o s t o f the c u r re n t is  used in  hyd rogen  fo rm a tio n *
8 . P ro v id e d  the s te e l cathode su rfa ce  is  a c tiv e , f i lm  g ro w th  is  
a p p ro x im a te ly  p ro p o r t io n a l to  tre a tm e n t t im e , but f i lm  g ro w th  d e ­
c rea ses  d is p ro p o rt io n a te ly  w ith  d e c rea s in g  c u r re n t d e n s itie s  and
becom es n e g lig ib le  at c u r re n t d e n s itie s  (depending on c a ta ly s t- io n
2co n ce n tra tio n s ) o f about 2 0  m A /c m  .
9. The p resence  o f b a r iu m  ch ro m a te  in  the c h ro m ic  ac id  
e le c tro ly te  has l i t t l e  d ir e c t  e ffe c t on the ch ro m a te  f i lm  d e p o s itio n
p ro p e r t ie s  o f the e le c tro ly te . ( I t  w i l l  rem ove  p o te n t ia l ly -c a ta ly t ic  
su lphate  ions  fro m  the e le c tro ly te ) .
N A TU R E  OF TH E  A C B  C H R O M ATE F IL M
1. The e le c tro d e p o s ite d  ch rom a te  f i lm s  a re  tra n s p a re n t, g la s s ­
l ik e  o r  g e l- l ik e ,  n o n -c ry s ta ll in e  f i lm s  o f hyd ra ted  m ixe d  C r ( I I I )  and 
C r(V I)  o x ides .
s
2. The b u lk  co m p o s itio n  is  m a in ly  c h ro m ic  oxide o f in d e f in ite '
and v a r ia b le  h y d ra tio n  s ta te , and m ixe d  C r ( I I I ) ,  C r(V I)  ox ides (o r  
"c h ro m iu m  c h ro m a te ")  o f undefined (and p ro b a b ly  v a r ia b le )  c h e m ic a l 
co m p o s itio n .
3. The ch ro m a te  f i lm s  c o m p ris e  th re e  c le a rly -^d is tin g u ish a b le  
com ponents, n a m e ly , C r(V I)  a p p ro x im a te ly  15%, C r ( I I I )  a n o d ic a lly  
o x id isa b le  in  NaOH -  7%, and in e r t  C r ( I I I )  in so lu b le  by anod ic  o x id a ­
t io n  in  NaOH s o lu tio n  -  80%. The o x id is a b le  C r ( I I I )  is  fu r th e r  d is ­
tin g u is h a b le  in to  4 typ e s , a cco rd in g  to  i ts  o x id a tio n  p o te n tia l u n d e r 
de fined  co n d itio n s .
4. The ch ro m a te  f i lm s ,  i . e .  those o f in te re s t as p o te n tia l
"c o n v e rs io n  c o a tin g s " fo r  s te e l, a re  50 to  500 nm  th ic k ,  and con - 
ta in  6 -  60yUg C r /c m  , co rre sp o n d in g  to  coa ting  w e ig h ts  o f 12 - 
1 2 0 U g /cm ^ . T h ic k e r  f i lm s  can be g row n .
PROPERTIES OF THE ACB CHROMATE FILM
1. The c h e m ic a l p ro p e r t ie s  a re  b a s ic a lly  those o f hyd ra ted  
c h ro m ic  ox id e . The fre s h ly -d e p o s ite d  f i lm  is  so lub le  in  a c id s , 
bu t a f te r  heat tre a tm e n t a t 200°C the f i lm  is  in s o lu b le .
2. The ch ro m a te  tre a tm e n t p ro v id e s  l im ite d  c o rro s io n  p ro ­
te c tio n , s u ff ic ie n t to  p ro te c t s te e l d u r in g  in d o o r exposu re , bu t in ­
s u ff ic ie n t to  p ro te c t s te e l in  o u td o o r exposure  o r  im m e rs io n  c o n d itio n s .
3. The c o r ro s io n - re s is t in g  p ro p e r t ie s  have been shown to  be 
due to  the c o r ro s io n - in h ib it in g  a c tio n  o f hexava len t c h ro m iu m  in  
the w a te r-p e rm e a b le  ch rom a te  f i lm .
,/
4. The ch ro m a te  f i lm  ach ieves  e x tre m e ly  s tro n g  bonding w ith
su b se q u e n tly -a p p lie d  o rg a n ic  coa tings . T h is  p ro p e r ty  is  re la te d  to  
the hexaya le n t, and a n o d ic a lly -o x id is a b le  t r iv a le n t ,  c h ro m iu m  con­
s titu e n ts  o f the f i lm .
5. The p o w e rfu l bonding o f o rg a n ic  coa tings to  the c h ro m a te -  !
!
tre a te d  su rfa ce  re s u lts  in  the e lim in a t io n  o f in te r fa c ia l fa i lu re s  * 
( b lis te r in g ,  u n d e r f i lm  a tta c k ), and g re a t ly  im p ro v e s  the o v e ra ll 
re s is ta n c e  to  c o rro s io n .
6 . The ch rom a te  f i lm  i t s e l f  is  n o n -d u c tile , and th ic k  f i lm s
w i l l  no t w ith s ta nd  a p p re c ia b le  d e fo rm a tio n  o f the base s te e l w ith o u t
b re a k in g . T h is  p ro p e r ty , com bined w ith  the s tro n g  bonding to 
o rg a n ic  co a tin g s , re s u lts  in  the e m b r it t le m e n t o f o rg a n ic  coa tings 
app lied  o v e r heavy ch rom a te  f i lm s .
7. C hrom a te  f i lm s  undergo  a p ro g re s s iv e  t ra n s it io n ,  p ro b a b ly  
m a in ly  d e h yd ra tio n , on exposure  to  heat. The in h e re n t c o r ro s io n  
re s is ta n c e  is  re duced , but the bonding p ro p e r t ie s  w ith  o rg a n ic  c o a t­
ings  re m a in  u n im p a ire d .
i
SUGGESTIONS FO R F U R T H E R  W ORK
SUGGESTIONS FO R FU R T H E R  W O RK
The re la t iv e ly  w ide  scope o f w o rk  has, no t u n expec ted ly , 
exposed a n u m b e r o f to p ic s  w o rth y  o f a m o re  in te n s ive  s tudy . The 
fo llo w in g  m a jo r  to p ic s  a re  suggested fo r  fu r th e r  in v e s tig a tio n .
1. M e ch an ism  o f e ffe c ts  o f added anions on ca thod ic  re d u c tio n  
re a c tio n s  in  C 1O 3 e le c tro ly te s . A lth o u g h  the q u a lita t iv e , and to  
som e ex ten t q u a n tita tiv e , e ffe c ts  o f s m a ll ad d itio n s  o f c h lo r id e  ions  
to  c h ro m ic  ac id  e le c tro ly te s  have been d e s c rib e d , a m uch  de epe r 
in v e s tig a tio n  is  re q u ire d  b e fo re  a d e ta ile d  m o d e l, on a m o le c u la r  
s c a le , can be proposed to  account fo r  the observed  e ffe c ts , i .  e. 
re la t iv e  c a ta ly s is  o r  in h ib it io n  o f f i lm  fo rm a tio n , and ch ro m a te  
f i lm  o r  c h ro m iu m  m e ta l d e p o s itio n .
2. M o rp h o lo g y  o f ch rom a te  f i lm s .  A  study o f the  m o rp h o lo g y  
o f ch rom a te  f i lm s  (by  e le c tro n  scanning m ic ro s c o p y ) m ig h t be e x ­
pected to  re v e a l ( i)  d iffe re n c e s  between coa tings w h ich  g ive  im p ro v e d , 
and n o rm a l, adhesion w ith  o rg a n ic  coa tings , ( i i )  d if fe re n c e s  betw een . 
f i lm s  w h ich  induce e m b ritt le m e n t o f o rg a n ic  coa tings  and those w h ich  
do n o t, ( i i i )  d if fe re n c e s  between coa tings  fo rm e d  on su rfa ce s  w h ich  
have undergone d if fe re n t ac id  p re tre a tm e n ts , and ( iv )  any d if fe re n c e s  
in  s tru c tu re  re la te d  to  th ic kn e ss .
3. A dhes ion  o f o rg a n ic  coa tings to  ch ro m a te  f i lm s .  T h is  v e ry  
la rg e  e ffe c t is  o f g re a t p ra c t ic a l im p o rta n c e . I t  cou ld  a r is e  e ith e r
from  a chem ical interaction between the film  and the organic coat-
!
in g , o r  by a p h y s ic a l “ k e y in g "  o f the o rg a n ic  coa ting  to  the ch ro m h te  
' f i lm .
A m ong the m in o r  to p ic s  w o rth y  o f fa r th e r  s tu dy , the  fo llo w ­
ing  a re  suggested.
1. T e s ts  to  c o n f irm  the p roposed , o r  e s ta b lis h  an a lte rn a t iv e , 
m e ch an ism  fo r  the 6 -e le c tro n  o x id a tio n  o f C ^ O g . T h is  cou ld  be 1 
done by co m p a rin g  the in c re a se  in  C r(V I)  and d isso lve d  O2  in  the  
e le c tro ly te  w ith  the charge passed fo r  the  anod ic o x id a tio n  o f a 
ch rom a te  f i lm .
2. R e la tive  com position o f c h ro m iu m  co n s titu e n ts  on f i lm s .
The re s u lts  g iven  could be im p ro ve d  by re p ea tin g  the t r a c e r  e x ­
p e rim e n ts  us ing  a la b e lle d  e le c tro ly te  hav ing  a h ig h e r s p e c if ic  
a c t iv ity  than th a t used in  th is  w o rk . A n y  d if fe re n c e s  between 
d if fe re n t ly - fo rm e d  f i lm s ,  and between f i lm s  o f d if fe re n t th ic k ­
ness , cou ld  be s tud ied .
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